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DAMD17-02-1-0238  Annual  Report 
Endometase  in  Androgen-Repressed  Human  Prostate  Cancer 


Introduction 

Our  long  term  goal  is  to  understand  the  biochemical  and  cellular  functions  of  matrix 
metalloproteinases  (MMPs,  matrixins)  so  that  we  may  reveal  the  molecular  steps  and  pathways 
of  cancer  angiogenesis  (new  blood  formation  to  provide  nutrients,  oxygen,  and  passages  for 
cancer  cell  growth  and  spread)  and  metastasis  (the  spread  of  cancer).  We  discovered  a  novel 
matrix  metalloproteinase  (MMP-26,  endometase)  recently.  Endometase  is  a  special  biological 
catalyst  that  specifically  digests  some  of  the  connective  tissue  barrier  proteins  and  may  facilitate 
tumor  growth,  invasion,  and  new  blood  vessel  formation.  Endometase  was  found  to  be 
specifically  associated  with  the  androgen-repressed  human  prostate  cancer  (ARCaP)  cells.  It  was 
not  expressed  by  normal  human  prostate  tissues  and  early  stage  prostate  cancer  cells.  ARCaP 
cells  were  isolated  from  a  human  patient  who  died  of  metastasis  of  prostate  cancer.  Most 
importantly,  endometase  gene  was  turned  on  in  human  prostate  cancer  tissues  from  patients. 

This  project  has  investigated  a  role  of  endometase  in  advanced  human  prostate  cancer  and 
provided  knowledge  for  new  strategies  to  detect  and  attack  prostate  cancer.  To  understand  the 
functions  of  endometase,  we  have  identified  some  of  its  physiological  and  pathological 
substrates  and  developed  potent  proteinase  inhibitors  targeting  this  protein.  We  have  tested  the 
hypothesis  that  this  unique  endometase  is  partially  responsible  for  promoting  cancer  cell  growth 
and  invasion  because  of  its  activity  as  “a  molecular  power  drill”  that  breaks  down  connective  tissue 
barriers.  Together  with  our  collaborators  Drs.  Martin  A.  Schwartz  and  Leland  W.K.  Chung,  we 
have  been  developing  and  testing  new  MMP  inhibitors  and  identify  potent  and  selective 
compounds  to  target  endometase.  The  inhibitors  are  useful  tools  for  the  investigations  of  the 
endometase  active  site  structure  and  functions,  and  more  importantly,  the  prostate  cancer 
invasion  and  angiogenesis.  We  have  also  examined  the  endometase  expression  pattern  in  human 
prostate  cancer  tissues  and  clinical  specimens  and  studied  its  pathological  role  in  human  prostate 
cancer.  This  project  may  identify  a  novel  marker  for  prostate  cancer  diagnosis  and  prognosis  and 
a  new  target  for  prostate  cancer  therapy. 


4 


Principal  Investigator:  Qing-Xiang  Amy  SANG,  Ph.D. 


Body 

Statement  of  Work 

Endometase  in  Androgen-Repressed  Human  Prostate  Cancer 

Task  1.  To  examine  the  endometase  (matrix  metalloproteinase-26,  MMP-26)  expression 

pattern  in  normal  and  malignant  prostate  cell  lines  and  to  correlate  the  endometase 
protein  expression  levels  with  the  known  malignancy  and  metastatic  potentials  of 
the  cells  (Months  1-8): 

a.  Culture  normal  and  malignant  prostate  cells. 

b.  Measure  the  endometase  expression  levels  by  enzyme-linked  immunosorbent  assay 
(ELISA)  and  immunoblot  using  enhanced  chemiluminescence  (ECL).  There  are  four 
specific  endometase  antibodies  (Abs)  available  at  the  P.I.’s  lab;  three  Abs  are  against 
the  catalytic  domain,  one  Ab  is  against  the  pro-domain. 

This  task  has  been  accomplished.  For  more  details  please  see  Fig.  2  and  Fig.  3  of  the 
following  paper  in  press:  Y.-G.  Zhao,  A.  Xiao,  R.G.  Newcomer,  H.I.  Park,  T.  Kang,  L.W.K. 
Chung,  M.G.  Swanson,  H.  E.  Zhau,  J.  Kurhanewicz,  and  Q.-X.  Sang*  (2002)  Activation  of  Pro- 
Gelatinase  B  by  Endometase/Matrilysin-2  Promotes  Invasion  of  Human  Prostate  Cancer  Cells. 

J.  Biol.  Chem.  In  press.  Manuscript  published  on  line  on  Feb.  13,  2003  as  M210975200  JBC  in 
press. 


Task  2.  To  over-express  endometase  in  endometase-negative  human  prostate  cells  and 

characterize  endometase  positive  cells  (Months  5-25): 

a.  Prepare  endometase  over-expression  vectors. 

b.  Transfect  pCIMMP-26  into  normal  human  prostate  cells,  an  androgen-dependent 
prostate  cancer  cell  line  LNCaP,  and  an  androgen-independent  prostate  cancer  cell 
line  DU-145. 

c.  Identify  endometase  positive  cells  by  immunological  methods  (ELISA  and 
immunoblot). 

d.  Characterize  endometase  positive  cells  in  vitro  (colony  formation  on  soft  agar). 

This  task  is  in  progress.  For  more  details  please  see  Fig.  5  and  Fig.  6  of  the  following 
paper  in  press:  Y.-G.  Zhao,  A.  Xiao,  R.G.  Newcomer,  H.I.  Park,  T.  Kang,  L.W.K.  Chung,  M.G. 
Swanson,  H.  E.  Zhau,  J.  Kurhanewicz,  and  Q.-X.  Sang*  (2002)  Activation  of  Pro-Gelatinase  B 
by  Endometase/Matrilysin-2  Promotes  Invasion  of  Human  Prostate  Cancer  Cells.  J.  Biol.  Chem. 
In  press.  Manuscript  published  on  line  on  Feb.  13,  2003  as  M2 10975200  JBC  in  press. 


Task  3.  Analyze  structure-function  relationships  of  the  endometase  active  site  using 

synthetic  matrix  metalloproteinase  (MMP)  inhibitors  and  identify  specific  and 
potent  endometase  inhibitors  for  the  cell  invasion  assays  (Months  10-30): 
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a.  Optimize  the  synthetic  fluorogenic  peptide  substrate  cleavage  assays  using  a  Perkin- 
Elmer  LS-50B  luminescence  spectrometer. 

b.  Measure  the  IC50  (inhibitor  concentration  at  50%  enzyme  activity)  values  and 
inhibition  constants  (ki  values)  of  new  synthetic  MMP  inhibitors  with  endometase 
listed  in  Table  1  and  Figure  2  of  the  proposal.  Determine  the  inhibition  kinetics  and 
mechanisms. 

This  task  is  in  progress.  Please  see  the  following  published  paper  Figs.  1-4  and  tables  I  and 
II  for  more  details.  H.I.  Park,  B.E.  Turk,  F.E.  Gerkema,  L.C.  Cantley,  and  Q.-X.  Sang*  (2002) 
Peptide  substrate  specificities  and  protein  cleavage  sites  of  human  endometase/matrilysin-2/matrix 
metalloproteinase-26.  J.  Biol.  Chem.  277,35168-35175. 


Task  4.  Identify  new  substrates  of  endometase,  compare  the  degrees  of  invasiveness  of  the 

human  prostate  cells  selected  from  Task  1  and  Task  2,  and  test  the  efficacies  of 

MMP  inhibitors  selected  from  Task  3  in  the  prostate  cell  invasion  (Months  20-36): 

a.  Test  intracelluar  proteins,  extracellular  matrix  proteins,  and  cell  surface  proteins  of 
ARCaP  and  other  cells  to  identify  new  endometase  substrates,  hence,  understand  its 
putative  functions. 

This  task  is  in  progress.  Please  see  the  following  published  paper  Figs.  6-8  and  tables  I  and 
II  for  more  details.  H.I.  Park,  B.E.  Turk,  F.E.  Gerkema,  L.C.  Cantley,  and  Q.-X.  Sang*  (2002) 
Peptide  substrate  specificities  and  protein  cleavage  sites  of  human  endometase/matrilysin-2/matrix 
metalloproteinase-26.  J.  Biol.  Chem.  277,35168-35175. 

b.  Test  and  compare  the  degrees  of  invasiveness  of  human  normal,  malignant,  and 
endometase  over-expression  prostate  cells,  respectively,  using  modifed  Boyden 
Chambers  coated  with  extracellular  matrix  proteins  or  cell  surface  proteins. 

c.  Test  and  compare  the  efficacies  of  selective  MMP  inhibitors  from  Task  3  in  prostate 
cell  invasion.  Identify  specific  inhibitors  that  may  lead  to  future  cancer  therapeutics. 

This  task  is  in  progress.  For  more  details  please  see  Figs.  4-8  of  the  following  paper  in 
press:  Y.-G.  Zhao,  A.  Xiao,  R.G.  Newcomer,  H.I.  Park,  T.  Kang,  L.W.K.  Chung,  M.G. 
Swanson,  H.  E.  Zhau,  J.  Kurhanewicz,  and  Q.-X.  Sang*  (2002)  Activation  of  Pro-Gelatinase  B 
by  Endometase/Matrilysin-2  Promotes  Invasion  of  Human  Prostate  Cancer  Cells.  J.  Biol.  Chem. 
In  press.  Manuscript  published  on  line  on  Feb.  13,  2003  as  M210975200  JBC  in  press. 


Task  5.  Alternative  approaches:  Test  and  compare  the  rates  of  cell  proliferation  and 

apoptosis  of  the  human  prostate  cells  selected  from  Task  1  and  Task  2  (Months  26- 
36): 

a.  Test  and  compare  the  rates  of  cell  proliferation  of  human  normal,  malignant,  and 
endometase  over-expression  prostate  cells,  respectively,  cultured  on  extracellular 
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matrix  proteins.  Cell  proliferation  rates  will  be  determined  by  assaying  for  5-bromo-2'- 
deoxyuridine  (BrdU)  incorporation  using  the  colorimetric  ELISA  assay  kit  from 
Boehringer  Mannheim  Co. 

b.  Test  and  compare  the  rates  of  cell  apoptosis  of  human  normal,  malignant,  and 
endometase  over-expression  prostate  cells,  respectively,  cultured  on  extracellular 
matrix  proteins.  A  quantitative  Cell  Death  Detection  ELISAplus  colorimetric  assay  kit 
(also  from  Boehringer  Mannheim  Co.)  will  be  used.  This  assay  is  useful  for  the 
quantitation  of  apoptosis  without  cell  labeling;  it  differentiates  apoptosis  from  necrosis. 

This  task  is  in  progress. 

Blockage  of  ARCaP  cell  invasion  by  MMP-26  antibodies  is  not  due  to  the  effects  of 
the  antibodies  on  cell  attachment  to  extracellular  matrix,  cell  proliferation,  cytotoxicity,  and 
apoptosis.  Further  investigation  shows  that  the  functional  blocking  antibodies  do  not  affect 
ARCaP  cell  attachment  to  the  substrates,  do  not  inhibit  ARCaP  cell  proliferation  (Fig.  1),  have  no 
cytotoxicity,  and  do  not  promote  the  cell  apoptosis,  demonstrating  that  the  diminished 
invasiveness  of  ARCaP  cells  is  due  to  the  functional  neutralizing  activity  of  the  antibodies  against 
MMP-26  and  is  not  due  to  reduced  cell  numbers  and  is  not  due  to  reduced  cell  attachment  to  the 
extracellular  matrix  substrates. 


Cells  attachment  experiments.  2.25><105  ARCap/LNCap/DU145/  PC-3  cells  in  serum  free 
DMEM  media  containing  different  concentrations  of  one  of  the  pre-immune-IgGs  or  anti-MMP- 
26  IgGs  were  cultured  in  fibronectin,  and  matrigel  coated  24-well  plates.  The  growing  cells  were 
stopped  at  3  hours,  6  hours,  12  hours,  24  hours,  48  hours,  and  60  hours  by  rinsing  with  PBS  and 
fixing  in  4%  PFA/PBS  solution.  Then  the  cells  were  stained  with  0.1%  Crystal  Violet  (Sigma, 
USA)  solution.  The  attached  cells  number  was  counted  under  in  1 0  high  power  fields  (400x)  of 
each  of  the  duplicate  samples  under  a  microscope. 

Results:  The  ARCaP  cells  number  attached  on  the  FN  and  Matrigel  coated  24- well  plate  had  no 
significant  difference  among  the  untreated  wells,  pre-immune  IgGs  treated  wells  and  the  anti- 
MMP-26  antibodies  treated  the  wells  (p>0.05)  at  the  time  points  of  3  hours,  6  hours,  12  hours,  24 
hours,  48  hours,  and  60  hours  (data  not  shown).  These  results  indicate  that  the  inhibition  of 
ARCaP  cell  invasion  by  anti-MMP-26  antibodies  is  not  due  to  the  effect  on  the  cells  attachment 
to  extracellular  matrix  components. 
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Effects  of  Anti-MMP-26  antibodies  on  ARCaP 
cell  proliferation 
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Fig.  1.  The  anti-MMP-26  polyclonal  Abs  have  no  effect  on  the  proliferation  of  ARCaP 
cells.  The  ARCaP  cells  proliferation  was  determined  using  the  BrdU  Labeling  Cell  Proliferation 
ELISA  (Roche  Molecular  Biochemicals,  Indianapolis,  IN)  according  to  the  manufacturer's 
instructions.  Pre-IgG  L,  preimmune  IgG  low  concentration  (lOpg/ml);  Pre-IgG  H,  preimmune 
IgG  high  concentration  (50pg/ml);  AbL,  antibody  low  concentration  (lOpg/ml);  and  AbH, 
antibody  high  concentration  (50|j.g/ml). 

Cells  proliferation  assays.  ARCaP  cell  proliferation  was  determined  using  the  Cell  Proliferation 
ELISA  from  Roche  Molecular  Biochemicals  (Indianapolis,  IN)  following  the  manufacturer's 
instructions.  In  brief,  the  ARCap  cells  were  plated  in  a  fibronectin,  and  matrigel  pre-coated  96- 
well  t issue  c ulture  p  late  ( Falcon,  B  ecton  D ickinson  Labware,  Lincoln  P ark,  N ew  Je rsey)  at  a 
density  of  1  x  104  cells/well  in  DMEM  medium  containing  10%  FBS  for  24  hours.  Then  the 
cells  were  cultured  in  serum  free  DMEM  medium  in  the  presence  of  pre-immune  IgG  of  98R3, 
pre-immune  IgG  of  98R12,  pAb280  and  pAb293  (lOpg/ml,  50pg/ml,  respectively)  in  duplicate 
wells  for  another  24  hours.  After  adding  BrdU  (lOOpM)  labeling  solution  for  12  hours  in  37°  C, 
5%CC>2,  the  cells  were  fixed  by  adding  FixDenat  solution  for  30mins  at  room  temperature. 
Followed  by  adding  anti-BrdU  POD  and  incubated  for  90  min  at  room  temperature.  Finally, 
added  s  ubstrate  and  i  ncubate  f  or  3  0  m  ins  a  nd  t  he  v  alues  o  f  absorbance  w  ere  read  at  4  92  n  m 
using  an  Automatic  Microplate  Reader  (Titertek  Multiskan  MC-340,  Flow  Laboratories, 
Virginia).  Standard  deviations  were  calculated  and  were  presented  as  error  bars  in  the  Figures. 
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Key  Research  Accomplishments 

1 .  This  research  project  has  addressed  many  of  the  tasks  listed  in  the  “Statement  of  Work”, 
generated  two  papers  published  in  “The  Journal  of  Biological  Chemistry”,  and  supported 
training  of  research  students  and  postdoctoral  associates. 

2.  This  work  has  verified  a  putative  biochemical  mechanism  by  which 
endometase/matrilysin-2/matrix  metalloproteinase-26  (MMP-26)  may  promote  human 
prostate  cancer  cell  invasion. 

3.  We  showed  that  the  levels  of  MMP-26  protein  in  human  prostate  carcinomas  from 
multiple  patients  were  significantly  higher  than  those  in  prostatitis,  benign  prostate 
hyperplasia,  and  normal  prostate  glandular  tissues.  Statistical  analyses  have  been 
performed. 

4.  MMP-26  was  capable  of  activating  pro-MMP-9  by  cleavage  at  the  Ala93  -Met94  site  of  the 
prepro- enzyme.  This  activation  proceeded  in  a  time-  and  dose-dependent  manner, 
facilitating  the  efficient  cleavage  of  fibronectin  by  MMP-9.  The  activated  MMP-9 
products  generated  by  MMP-26  appeared  more  stable  than  those  cleaved  by  MMP-7 
under  the  conditions  tested. 

5.  To  investigate  the  contribution  of  MMP-26  to  cancer  cell  invasion  via  the  activation  of 
MMP-9,  highly  invasive  and  metastatic  human  prostate  carcinoma  cells,  androgen- 
repressed  prostate  cancer  (ARCaP)  cells,  were  selected  as  a  working  model.  ARCaP  cells 
express  both  MMP-26  and  MMP-9.  Specific  anti-MMP-26  and  anti-MMP-9  functional 
blocking  antibodies  both  reduced  the  invasiveness  of  ARCaP  cells  across  fibronectin  or 
type  IV  collagen. 

6.  The  introduction  of  MMP-26  antisense  cDNA  into  ARCaP  cells  reduced  the  MMP-26 
protein  level  in  these  cells  and  strongly  suppressed  the  invasiveness  of  ARCaP  cells. 

7.  Double  immunofluorescence  staining  and  confocal  laser  scanning  microscopic  images 
revealed  that  MMP-26  and  MMP-9  were  co-localized  in  parental  and  MMP-26  sense- 
transfected  ARCaP  cells.  Moreover,  MMP-26  and  MMP-9  proteins  were  both  expressed 
in  the  same  human  prostate  carcinoma  tissue  samples  examined. 

8.  These  results  indicate  that  MMP-26  may  be  a  physiological  and  pathological  activator  of 
pro-MMP-9,  and  the  activation  of  pro-MMP-9  by  MMP-26  may  be  an  important 
mechanism  contributing  to  the  invasive  capabilities  of  prostate  carcinomas. 

9.  Peptide  libraries  were  used  to  profile  the  substrate  specificity  of  MMP-26  from  the  P4  to 
P4'  sites.  The  optimal  cleavage  motifs  for  MMP-26  were  Lys-Pro-Ile/Leu-Ser  (Pl)- 
Leu/Met  (PI ')-Ile/Thr-Ser/Ala-Ser. 

10.  The  strongest  preference  was  observed  at  the  PI'  and  P2  sites  where  hydrophobic 
residues  were  favored.  Proline  was  preferred  at  P3  and  Serine  at  PI.  The  overall 
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specificity  was  similar  to  that  of  other  MMPs  except  that  more  flexibility  was  observed  at 
PI,  P2',  and  P3\ 

11.  Synthetic  inhibitors  of  gelatinases  and  collagenases  inhibited  MMP-26  with  similar 
efficacy.  A  pair  of  stereoisomers  had  a  only  40-fold  difference  in  K"pp  values  against 
MMP-26  compared  to  a  250-fold  difference  against  neutrophil  collagenase,  indicating 
that  MMP-26  is  less  stereo-selective  for  its  inhibitors. 

12.  MMP-26  auto-digested  itself  during  the  folding  process;  two  of  the  major  autolytic  sites 
were  Leu  -Thr50  and  Ala75— Leu76,  which  still  left  the  cysteine  switch  sequence 

(PHC  2GVPD)  intact.  This  suggests  that  Cys82  may  not  play  a  role  in  the  latency  of  the 
zymogen. 

13.  MMP-26  cleaved  Phe352-Leu353  and  Pro357-Met358  in  the  reactive  loop  of  alpha  1 
proteinase  inhibitor  and  His140-Val141  in  insulin-like  growth  factor  binding  protein-1, 
likely  rendering  these  substrates  inactive. 

14.  Among  the  fluorescent  peptide  substrates  analyzed,  Mca-Pro-Leu-Ala-Nva-Dpa-Ala- 
Arg-NH2  displayed  the  highest  specificity  constant  (30000  /  Molar  second)  with  MMP- 
26. 

15.  This  report  proposes  a  working  model  for  the  future  studies  of  proMMP-26  activation, 
the  design  of  inhibitors,  and  the  identification  of  optimal  physiological  and  pathological 
substrates  of  MMP-26  in  vivo. 


Reportable  Outcomes 

1 .  Published  papers  and  manuscripts: 

H  I.  Park,  B.E.  Turk,  F.E.  Gerkema,  L.C.  Cantley,  and  Q.-X.  Sang*  (2002)  Peptide  substrate 
specificities  and  protein  cleavage  sites  of  human  endometase/matrilysin-2/matrix 
metalloproteinase-26.  J.  Biol.  Chem.  277,35168-35175. 


Y.-G.  Zhao,  A.  Xiao,  R.G.  Newcomer,  H.I.  Park,  T.  Kang,  L.W.K.  Chung,  M.G.  Swanson,  H.  E. 
Zhau,  J.  Kurhanewicz,  and  Q.-X.  Sang*  (2002)  Activation  of  Pro-Gelatinase  B  by 
Endometase/Matrilysin-2  Promotes  Invasion  of  Human  Prostate  Cancer  Cells.  J.  Biol.  Chem.  In 
press.  Manuscript  published  on  line  on  Feb.  13,  2003  as  M210975200  JBC  in  press. 

2.  In  addition  to  the  Principal  Investigator,  Dr.  Sang,  the  following  students  and  research 
associates  at  Professor  Sang’s  laboratory  have  been  partially  funded  by  this  grant. 

Dr.  Hyun  I.  Park,  Postdoctoral  Research  Associate 
Margaret  Mary  Coryn,  Student  Assistant 
Sara  C.  Monroe,  Research  Assistant 
Tiebang  Kang,  Research  Associate 
Aizhen  Xiao,  Research  Associate 
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Conclusions 

The  spread  of  prostate  cancer  cells  to  other  parts  of  the  body  is  the  leading  cause  of 
patient  death.  In  2000,  we  reported  the  discovery,  cloning,  and  characterization  of  human  matrix 
metalloproteinase-26  (MMP-26),  endometase.  We  have  been  testing  three  specific  hypotheses: 

1)  The  expression  levels  of  MMP-26  is  correlated  with  the  metastatic  potentials  and  the  degrees  of 
malignancy  of  human  prostate  cells;  2)  MMP-26  has  unique  structure  and  enzymatic  function;  3) 
MMP-26  enhances  prostate  cancer  invasion  by  digesting  extracellular  matrix  proteins  and 
inactivating  serine  proteinase  inhibitors,  and  specific  inhibitors  of  MMP-26  block  prostate  cancer 
invasion.  We  have  showed  that  the  levels  of  MMP-26  protein  in  human  prostate  carcinomas 
from  multiple  patients  were  significantly  higher  than  those  in  prostatitis,  benign  prostate 
hyperplasia,  and  normal  prostate  glandular  tissues.  MMP-26  promoted  prostate  cancer  invasion 
via  activation  of  pro-gelatinase  B/MMP-9.  Functional  blocking  antibodies  against  either  MMP- 
26  or  MMP-9  blocked  human  prostate  cancer  cell  invasion.  Furthermore,  antisense  cDNA  of 
MMP-26  also  inhibited  prostate  cancer  cell  invasion.  The  endometase  active  site  structure  and 
function  have  been  investigated  using  synthetic  metalloproteinase  inhibitors.  Optimal  peptide 
substrate  specificity  and  protein  cleavage  sites  have  been  identified.  These  results  suggest  that 
endometase/MMP-26  may  promote  human  prostate  cancer  cell  invasion  and  it  is  specifically 
expressed  in  human  prostate  cancer  tissues.  MMP-26  may  be  a  novel  marker  for  prostate  cancer 
diagnosis  and  prognosis  and  a  new  target  for  prostate  cancer  therapy. 
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Endometase/Matrilysin-2  Promotes  Invasion  of  Human  Prostate  Cancer  Cells.  J.  Biol.  Chem.  In 
press.  Manuscript  published  on  line  on  Feb.  13, 2003  as  M2 10975200  JBC  in  press. 


12 


The  Journal  of  Biological  Chemistry 

©  2002  by  The  American  Society  for  Biochemistry  and  Molecular  Biology,  Inc. 


Vol.  277,  No.  38,  Issue  of  September  20,  pp.  35168-35175,  2002 

Printed  in  U.S.A. 


Peptide  Substrate  Specificities  and  Protein  Cleavage  Sites  of 
Human  Endometase/Matrilysin-2/Matrix  Metalloproteinase-26* 

Received  for  publication,  May  23,  2002,  and  in  revised  form,  July  5,  2002 
Published,  JBC  Papers  in  Press,  July  15,  2002,  DOI  10.1074/jbc.M205071200 

Hyun  I.  Parkt,  Benjamin  E.  Turk§,  Ferry  E.  Gerkemai,  Lewis  C.  Cantley§, 
and  Qing-Xiang  Amy  SangtTl 

From  the  $ Department  of  Chemistry  and  Biochemistry  and  Institute  of  Molecular  Biophysics,  Florida  State  University, 
Tallahassee,  Florida  32306-4390  and  the  § Department  of  Medicine,  Harvard  Medical  School,  Beth  Israel  Deaconess 
Medical  Center,  Boston,  Massachusetts  02215 


Human  endometase/matrilysin-2/matrix  metallopro- 
teinase-26  (MMP-26)  is  a  novel  epithelial  and  cancer-spe¬ 
cific  metalloproteinase.  Peptide  libraries  were  used  to 
profile  the  substrate  specificity  of  MMP-26  from  the  P4- 
P4'  sites.  The  optimal  cleavage  motifs  for  MMP-26  were 
Lys-Pro-Ile/Leu-Ser(Pl)-Leu/Met(Plr)-IleArhr-Ser/Ala-Ser. 
The  strongest  preference  was  observed  at  the  PI'  and  P2 
sites  where  hydrophobic  residues  were  favored.  Proline 
was  preferred  at  P3,  and  Serine  was  preferred  at  PI.  The 
overall  specificity  was  similar  to  that  of  other  MMPs  with 
the  exception  that  more  flexibility  was  observed  at  PI, 
P2',  and  P3'.  Accordingly,  synthetic  inhibitors  of  gelati- 
nases  and  collagenases  inhibited  MMP-26  with  similar 
efficacy.  A  pair  of  stereoisomers  had  only  a  40-fold  differ¬ 
ence  in  pp  values  against  MMP-26  compared  with  a  250- 
fold  difference  against  neutrophil  collagenase,  indicating 
that  MMP-26  is  less  stereoselective  for  its  inhibitors. 
MMP-26  autodigested  itself  during  the  folding  process. 
Two  of  the  major  autolytic  sites  were  Leu49-Thr50  and 
Ala75-Leu76,  which  still  left  the  cysteine  switch  sequence 
(PHC82GVPD)  intact.  This  suggests  that  Cys82  may  not 
play  a  role  in  the  latency  of  the  zymogen.  Interestingly, 
inhibitor  titration  studies  revealed  that  only  —5%  of  the 
total  MMP-26  molecules  was  catalytically  active,  indicat¬ 
ing  that  the  thiol  groups  of  Cys82  in  the  active  molecules 
may  be  dissociated  or  removed  from  the  active  site  zinc 
ions.  MMP-26  cleaved  Phe352-Leu353  and  Pro357-Met358  in 
the  reactive  loop  of  ar -proteinase  inhibitor  and  His140- 
Val141  in  insulin-like  growth  factor-binding  protein-1, 
probably  rendering  these  substrates  inactive.  Among  the 
fluorescent  peptide  substrates  analyzed,  Mca-Pro-Leu- 
Ala-Nva-Dpa-Ala-Arg-NH2  displayed  the  highest  specific¬ 
ity  constant  (30,000/molar  second)  with  MMP-26.  This  re¬ 
port  proposes  a  working  model  for  the  future  studies  of 
pro-MMP-26  activation,  the  design  of  inhibitors,  and  the 
identification  of  optimal  physiological  and  pathological 
substrates  of  MMP-26  in  vivo. 
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Matrix  metalloproteinases  (MMPs)1  share  a  conservative 
metal  binding  sequence  of  HEXGHXXGZXHS  and  a  turn 
containing  methionine  (1).  Evidence  suggests  that  MMPs 
may  play  important  roles  in  extracellular  matrix  (ECM)  re¬ 
modeling  in  physiological  processes  (2,  3).  Excessive  break¬ 
down  of  the  ECM  by  MMPs  is  observed  in  pathological  con¬ 
ditions  including  periodontitis,  rheumatoid  arthritis,  and 
osteoarthritis.  MMPs  also  participate  in  tumor  cell  invasion 
and  metastasis  by  degrading  the  basement  membrane  and 
other  ECM  components  and  allowing  the  cancer  cells  to  gain 
access  to  blood  and  lymphatic  vessels  (4).  Analyses  of  a  large 
number  of  peptide  and  protein  substrates  and  more  recent 
work  with  phage  display  and  synthetic  peptide  libraries  have 
led  to  the  identification  of  consensus  cleavage  site  motifs  for 
a  number  of  different  MMPs  (5-13).  The  substrate  specifici¬ 
ties  of  MMPs  are  quite  similar  to  each  other,  showing  strong 
preferences  for  hydrophobic  residues  at  PI'.  Although  dis¬ 
tinct  MMPs  often  prefer  the  same  type  of  amino  acid  residues 
at  corresponding  positions  surrounding  the  cleavage  site, 
differences  in  the  orders  of  preference  for  specific  residues  at 
each  position  may  more  precisely  determine  MMP  specificity 
for  substrates. 

Endometase  (matrilysin-2/MMP-26)  is  the  smallest  member 
of  the  MMP  family,  with  a  molecular  mass  of  28  kDa  (14-17). 
Sequence  homology  calculations  identified  metalloelastase 
(MMP- 12)  and  stromelysin-1  (MMP-3)  as  the  closest  relatives. 
Nevertheless,  the  specificity  constant  profile  of  peptide  sub¬ 
strates  with  MMP-26  was  quite  different  from  that  with 
MMP- 12  and  MMP-3  (14).  According  to  protein  substrate  stud¬ 
ies  in  vitro ,  MMP-26  might  process  matrix  proteins  such  as 
fibronectin,  vitronectin,  fibrinogen,  type  IV  collagen,  gelatinase 
B  (MMP-9),  and  gelatin  (14-17). 

MMP-26  has  been  found  to  be  highly  expressed  in  several 
cancer  cell  lines.  A  significant  level  of  expression  in  normal 
tissues  was  found  only  in  the  uterus  and  placenta.  The  lim¬ 
ited  occurrence  of  MMP-26  in  normal  tissues  suggests  that 
the  production  of  this  enzyme  may  be  strictly  regulated  dur¬ 
ing  specific  events,  such  as  implantation,  and  that  MMP-26 
could  be  a  target  enzyme  for  the  treatment  of  cancer  and 
other  pathological  conditions. 

The  biological  function  and  substrate  specificity  of  MMP-26 
are  not  yet  fully  understood.  According  to  the  protein  substrate 


1  The  abbreviations  used  are:  MMP,  matrix  metalloproteinase;  oq-PI, 
a1-protease  inhibitor;  Brij-35,  polyoxyethylene  lauryl  ether;  IGFBP-1, 
insulin-like  growth  factor  binding  protein- 1;  MALDI-TOF  MS,  matrix- 
assisted  laser  desorption  ionization  time-of-flight  mass  spectrometry; 
ECM,  extracellular  matrix;  Tricine,  N- [2-hydroxy- l,l-bis(hydroxymeth- 
yDethyllglycine;  Dnp,  2,4-dinitrophenyl;  Dpa,  iV-3-(2,4-dinitrophenyl)- 
L-2,3-diaminopropionyl;  Mca,  (7-methoxycoumarin-4-yl)acetyl;  Nva, 
non-valine. 
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studies  in  vitro,  it  may  participate  in  ECM  degradation.  In  this 
study,  we  take  a  step  forward  toward  understanding  the  bio¬ 
chemical  properties  and  functions  of  MMP-26  by  identifying 
the  cleavage  sites  of  protein  and  peptide  substrates,  character¬ 
izing  the  substrate  specificities  of  MMP-26  and  measuring  the 
potencies  of  synthetic  inhibitors. 

EXPERIMENTAL  PROCEDURES 

Materials — Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-OH,  Dnp-Pro-Leu- 
Ala-Tyr-Trp-Ala-Arg-OH,  Mca-Pro-0-cyclohexylalanyl-Gly-Nva-His- 
Ala-Dpa-NH2,  Mca-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH2,  insulin-like 
growth  factor  binding  protein-1  (IGFBP-1),  and  MMP-specific  synthetic 
inhibitors  were  purchased  from  Calbiochem,  and  Dnp-Pro-Leu-Gly- 
Leu-Trp-Ala-D-Arg-NH2  and  Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp- 
Arg-Lys(Dnp)-NH2  were  purchased  from  Bachem.  Hydroxamic  acid  de¬ 
rivatives  of  amino  acids,  buffers,  cysteine,  a  j -protease  inhibitor  (c^-PI), 
and  1,10-phenanthroline  were  purchased  from  Sigma.  Metal  salts,  Brij- 
35,  sodium  dodecyl  sulfate,  dithioerythreitol,  and  2-mercaptoethanol  were 
purchased  from  Fisher.  Peptide  libraries  were  synthesized  at  the  Tufts 
University  Core  Facility  (Boston,  MA)  as  described  previously  (12). 

Preparation  of  Partially  Active  MMP-26— MMP-26  was  expressed  in 
the  form  of  inclusion  bodies  from  transformed  E.  coli  cells  as  described 
previously  (14).  The  inclusion  bodies  were  isolated  and  purified  using 
B-PER™  bacterial  protein  extraction  reagent  according  to  the  manu¬ 
facturer’s  instructions.  The  insoluble  protein  was  dissolved  in  8  M  urea 
to  ~5  mg/ml.  The  protein  solution  was  diluted  to  ~100  /xg/ml  in  8  M  urea 
and  10  mM  dithiothreitol  for  1  h,  dialyzed  in  4  m  urea,  1  mM  dithiothre- 
itol,  50  mM  HEPES,  or  Tricine,  pH  7.5,  for  at  least  1  h  and  then  folded 
by  dialysis  in  buffer  containing  50  mM  HEPES  or  Tricine,  0.2  M  NaCl,  10 
mM  CaCl2,  20  pu  ZnS04,  0.01%  Brij-35,  pH  7.5,  for  16  h.  To  enhance  the 
activity  of  MMP-26,  the  folded  enzyme  was  dialyzed  twice  for  24  h  at 
4  °C  in  the  folding  buffer  without  Zn2+  ion.  The  total  enzyme  concen¬ 
tration  was  measured  by  UV  absorption  using  e280  =  57130  M"1  cm'1, 
which  was  calculated  by  Genetics  Computer  Group  software. 

Peptide  Library  Methods — The  methods  were  performed  as  described 
previously  (12).  To  determine  the  specificity  for  the  primed  positions 
(18),  an  amino-terminally  acetylated  dodecamer  peptide  mixture  (1  mM) 
consisting  of  a  roughly  equimolar  mixture  of  the  19  naturally  occurring 
L- amino  acids  excluding  cysteine  at  each  site  was  incubated  with 
MMP-26  in  50  mM  HEPES,  pH  7.4,  200  mM  NaCl,  5  mM  CaCl2  at  37  °C 
until  5-10%  of  the  peptides  were  digested.  An  aliquot  (10  p\)  of  the 
mixture  was  subjected  to  automated  amino-terminal  peptide  sequenc¬ 
ing.  The  data  in  each  sequencing  cycle  were  normalized  to  the  total 
molar  amount  of  amino  acids  in  that  cycle  so  that  a  value  of  1  indicated 
the  average  value.  Undigested  peptides  and  the  amino-terminal  frag¬ 
ments  of  digested  peptides  are  amino-terminally  blocked  and  therefore 
do  not  contribute  to  the  sequenced  pool. 

The  specificity  of  the  unprimed  side  was  determined  by  libraries  with 
the  sequence  MAXXXXXLRGAARE(K-biotin)  for  the  P3  site  and  MAX- 
XPXXLRGGGEE(K-biotin)  for  other  sites,  where  X  represents  a  degen¬ 
erate  position,  K-biotin  is  e-(biotinamidohexanoyl)lysine,  and  the  amino 
terminus  is  unblocked.  Libraries  were  partially  digested  with  MMP-26 
as  described  above,  quenched  with  EDTA  (10  mM),  and  treated  in  batch 
with  400  p\  of  avidin-agarose  resin  (Sigma).  The  mixture  was  trans¬ 
ferred  to  a  column,  which  was  washed  with  25  mM  ammonium  bicar¬ 
bonate.  The  unbound  fraction  was  evaporated  to  dryness  under  reduced 
pressure,  suspended  in  water,  and  sequenced.  Data  were  normalized  as 
described  above. 

Kinetic  Assays— Assays  of  fluorescent  peptide  substrates  were  per¬ 
formed  by  following  the  procedures  reported  in  the  literature  (14,  29). 
For  substrates  containing  the  tryptophan  residue,  the  fluorescence  was 
observed  at  an  excitation  wavelength  of  280  nm  and  emission  wave¬ 
length  of  360  nm,  and  for  substrates  containing  3-methoxycoumarin, 
fluorescence  was  measured  at  an  excitation  wavelength  of  328  nm  and 
emission  wavelength  of  393  nm.  All  of  the  kinetic  experiments  were 
conducted  in  50  mM  HEPES  buffer  containing  10  mM  CaCl2,  0.2  m  NaCl, 
and  0.01%  Brij-35.  To  assess  inhibition  potency  for  tight  binding  inhib¬ 
itors,  the  apparent  inhibitor  dissociation  constants  (K?pp  values)  were 
calculated  by  fitting  the  data  to  Morrison’s  equation  (19).  The  inhibitor 
dissociation  constants  (Kt  values)  were  determined  by  Dixon’s  plot  (20) 
for  less  potent  inhibitors.  The  inhibition  assays  were  performed  with  a 
peptide  substrate  (1  pu),  Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2,  and 
5-10  different  inhibitor  concentrations.  The  substrate  stock  solutions 
were  prepared  in  Me2SO  and  then  further  diluted  to  50%  Me2SO  in 
water.  The  final  Me2SO  concentration  in  the  assays  was  1%.  The  in¬ 
hibitors  were  dissolved  in  Me2SO  to  5  or  2  mM  and  diluted  with  meth¬ 
anol  with  the  exception  of  inhibitor  IV  (Calbiochem  catalogue  number: 


444250),  which  was  dissolved  in  assay  buffer.  The  final  methanol  con¬ 
centration  in  the  inhibition  assays  was  5%  (v/v).  The  specificity  con¬ 
stants  ( kcJKm  values)  were  determined  by  the  equation  V  =  (i kcJ 
K  )[E]  [S],  which  is  modified  from  the  Michaelis-Menten  equation  when 

[S )«Km. 

The  enzyme  became  a  mixture  of  several  states  after  partial  activa¬ 
tion  by  dialysis.  The  total  concentration  of  400  nM  MMP-26  was  meas¬ 
ured  by  absorption  at  280  nm  and  calculated  using  a  molar  extinction 
coefficient  of  57,130  M"1  cm"1.  The  enzyme  was  titrated  with  MMP 
inhibitor  I  (GM-6001)  to  determine  the  concentration  of  catalytically 
active  MMP-26.  The  titration  analysis  revealed  the  concentration  of 
active  MMP-26  to  be  21  nM,  which  was  ~5%  of  the  total  protein  con¬ 
centration  after  dialysis.  For  an  accurate  titration,  the  concentration  of 
an  enzyme  is  required  to  be  at  least  100-fold  more  than  the  inhibition 
constant  of  the  titrant  (21).  To  avoid  the  depletion  of  substrate  by  a  high 
MMP-26  concentration,  a  less  specific  substrate,  Mca-Arg-Pro-Lys-Pro- 
Val-Glu-Nva-Trp-Arg-Lys(Dnp)-NH2,  designed  for  MMP-3  (22),  was 
used  for  detection  of  the  initial  rate.  The  cleavage  of  this  substrate  by 
MMP-26  was  the  slowest  among  peptide  substrates  studied  in  our 
laboratory  (14). 

IGFBP-1  and  arPI  Digestion  by  MMP-26— IGFBP-1,  arPI,  and 
MMP-26  solutions  were  diluted  or  dissolved  in  50  mM  HEPES  buffer  at 
pH  7.5  containing  10  mM  CaCl2,  0.2  m  NaCl,  and  0.01%  Brij-35. 
IGFBP-1  (4  pg)  and  MMP-26  (0.63  pg)  in  a  total  volume  of  50  p\  were 
incubated  for  2  days  at  room  temperature.  Each  day,  10  p\  of  reaction 
mixture  was  taken,  and  the  reaction  was  stopped  by  boiling  for  5  min 
after  2x  SDS-PAGE  sample  buffer  containing  2%  SDS,  100  mM  dithi¬ 
othreitol,  and  50  mM  EDTA  was  added.  The  cleaved  products  were 
separated  by  a  12%  acrylamide  gel  and  detected  by  silver  staining.  For 
cleavage  of  cq-PI,  90  pg  of  cq-PI  were  incubated  with  1.3  pg  of  MMP-26 
in  a  total  volume  of  100  p\.  The  samples  were  collected  after  1  h,  lday, 
and  2  days.  The  cleaved  products  were  separated  by  a  15%  SDS-PAGE 
and  detected  by  silver  staining. 

Determination  of  Cleavage  Products  by  Matrix-assisted  Laser  Desorp¬ 
tion  Ionization  Time-of-Flight  Mass  Spectrometry  (MALDI-TOF  MS)— 
The  cleavage  sites  of  fluorogenic  peptide  substrates  and  a^-PI  were 
determined  by  measuring  the  mass  of  the  cleavage  products  with  a 
Bruker  protein  time-of-flight  mass  spectrometer.  The  reaction  mixture 
was  mixed  with  an  equivalent  volume  of  a-cyano-4-hydroxycinamic  acid 
(4.5  mg/ml  in  50%  CH3CN,  0.05%  trifluoroacetic  acid)  matrix  solution 
containing  synthetic  peptide  calibrants.  Because  the  high  salt  concen¬ 
tration  increased  the  noise  in  the  mass  spectra,  the  digestion  reaction 
was  performed  with  10  mM  HEPES  buffer  containing  5  mM  CaCl2 
overnight  at  room  temperature.  For  fluorogenic  substrates,  MMP-9  was 
used  as  a  positive  control. 

RESULTS 

Substrate  Specificities  of  MMP-26— The  substrate  specificity 
of  MMP-26  was  investigated  using  a  recently  described  peptide 
library  method  (12).  Data  are  shown  in  Fig.  1.  The  residues 
preferred  at  each  site  from  P4-P4'  are  summarized  in  Table  I. 
The  strongest  selectivity  was  seen  at  the  PI'  site  where  large 
hydrophobic  residues  were  preferred.  Small  residues,  alanine 
and  serine,  were  preferred  at  the  P3'  site.  Although  P2'  and  P4' 
displayed  indistinct  specificity  compared  with  the  PI'  site,  a 
lack  of  a  preference  for  a  basic  residue  (Arg  or  Lys)  at  the  P2' 
site  was  unique  to  MMP-26  (Table  I).  Among  the  unprimed 
positions,  the  P3  site  showed  the  highest  selectivity  preferring 
proline  and  valine.  The  PI  site  was  not  as  selective  as  the  P3 
site,  although  small  residues  such  as  serine  were  preferred. 
The  preference  of  MMP-26  for  proline  at  P3,  hydrophobic  res¬ 
idues  at  P2  and  PI'  sites,  and  serine  at  PI  is  similar  to  that  of 
other  MMPs  (5-13). 

Inhibition  of  MMP-26  by  Synthetic  Inhibitors— Inhibition 
constants  for  several  inhibitors  designed  for  collagenases  and 
gelatinases  were  measured  with  MMP-26,  and  these  values  are 
shown  in  Fig.  2.  Among  the  four  inhibitors  tested,  inhibitor  I 
(23)  was  the  most  potent  for  MMP-26  with  a  Kfpp  of  0.36  nM. 
Inhibitor  II  inhibited  MMP-26  with  a  Kfpp  of  1.5  nM,  which  is 
similar  to  the  inhibition  constant  with  neutrophil  collagenase 
MMP-8  (4  nM)  (24).  Inhibitor  III  is  a  less  potent  stereoisomer  of 
inhibitor  II,  and  MMP-8  discriminates  between  the  two  with  a 
250-fold  difference  in  their  inhibition  constants  (1000  versus  4 
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Fig.  1.  Cleavage  site  specificity  of 
MMP-26  (endometase).  The  figures  on 
the  right  represent  the  relative  distribu¬ 
tion  of  amino  acid  residues  at  positions' 
COOH  terminus  (P1-P4')  to  the  MMP-26 
cleavage  site  determined  by  sequencing 
the  cleavage  fragments  of  a  random  do- 
decamer  {kc-XXXXXXXXXXXX).  Data 
are  normalized  so  that  a  value  of  1  corre¬ 
sponds  to  the  average  quantity  per  amino 
acid  in  a  given  sequencing  cycle  and 
would  indicate  no  selectivity.  Tryptophan 
was  not  included  in  the  analysis  because 
of  poor  yield  during  sequencing.  The  fig¬ 
ures  on  the  left  represent  specificity  of 
positions  amino  terminus  to  the  MMP-26 
cleavage  site.  For  the  P3  position,  data 
shown  were  obtained  using  the  library 
MAXXXXXLRGAARE(K-biotin).  For  all 
other  positions,  the  P3  proline  library 
MGXXPXXLRGGGEE(K-biotin)  was 
used.  Glutamine  and  threonine  were 
omitted  in  some  cycles  because  of  high 
background  on  the  sequencer.  Data  were 
normalized  as  for  the  primed  sites. 


P3 


P2 


P3* 


nM).  There  was  a  40-fold  difference  between  the  Kfpp  values  of  IC50  value  of  3.4  /am.  This  IC50  value  is  similar  to  the  IC50 
the  pair  of  stereoisomers  with  MMP-26  (60  versus  1.5  nM).  values  with  interstitial  collagenases  MMP-1  and  MMP-8  (both 
Inhibitor  IV  inhibited  MMP-26  with  a  Kfpp  of  2.9  /am  and  an  are  1  /am)  (25). 
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Table  I 

Cleavage  site  motifs  for  MMP-260  compared  with  those  of  six  other  MMPsb 


Cleavage  position 


Enzyme 

P4 

P3 

P2 

PI 

PI' 

P2' 

P3' 

P4' 

MMP-26 

Lup  (1.3) 

Pro  (2.2) 

lie  (1.7) 

Ser  (1.5) 

Leu  (3.4) 

He  (1.5) 

Ser  (2.0) 

Ser  (1.3) 

Val  (1.6) 

Leu  (1.4) 

Met  (2.7) 

Iwe  (1.5) 

Ada  (2.0) 

Tyr  (1.3) 

He  (2.3) 

Phe  (1.4) 

Thr  (1.6) 

Phe  (2.0) 

Gin  (1.4) 

Gly  (1.3) 

Tyr  (1.5) 

Gin  (1.3) 

MMP-1 

Val 

Pro 

Met 

Ser 

Met 

Met 

Ala 

MMP-2 

lie 

Pro 

Val 

Ser 

Leu 

Arg 

Ser 

MMP-3 

Lys 

Pro 

Phe 

Ser 

Met 

Met 

Met 

MMP-7 

Val 

Pro 

Leu 

Ser 

Leu 

Val 

Met 

MMP-9 

Val 

Pro 

Leu 

Ser 

Leu 

Arg 

Ser 

MMP-14 

lie 

Pro 

Glu 

Ser 

Leu 

Arg 

Met 

MMP 

Val 

Pro 

Leu 

Ser 

Leu 

Arg 

Ala 

Consensus0 

Val 

Tyr 

Met 

He 

He 

a  Quantities  were  determined  from  sequencing  data  as  described  for  Fig.  1,  and  values  >1.3  are  listed.  All  primed  sites  were  obtained  using  the 
library  Ac-XXXXXXXXXXXX.  MAXXXXXLRGAARE(K-biotin)  and  MGXXPX^LRGGGEE(K-biotin)  were  used  to  produce  the  data  at  the  unprimed 


6  Data  from  Turk  et  al.  (12).  A  series  of  consensus  peptides/optimal  cleavage  site  motifs  were  selected  and  listed  for  each  MMP. 
c  Data  summarized  from  Turk  et  al.  (12).  These  listed  residues  were  selected  among  amino  acids  that  appeared  at  least  in  5  of  the  6  MMPs  with 
values  a  1.3. 


Ill 


60  nM 


IV  4-Abz-Gly-Pro-D-Leu-D-Ala-NHOH  2.9  jiM 

444250 

Fig.  2.  The  structures  of  MMP  inhibitors  and  their  inhibitor 
dissociation  constants  with  MMP-26.  The  apparent  inhibition  con¬ 
stants  (Kfpp  values)  were  determined  by  Morrison’s  equation  for  tight 
binding  inhibitors  (compounds  /,  II,  and  III )  (19),  and  the  inhibition 
constant  (Kt  value)  was  determined  by  Dixon’s  plot  for  a  less  potent 
inhibitor  (compound  IV)  (20).  The  values  were  0.36, 1.5, 60,  and  2900  nM 
for  compounds  I,  II,  III,  and  IV,  respectively. 


Autocleavage  Sites  of  Recombinant  MMP-26 — Dialysis  of  the 
folded  pro-form  of  MMP-26  results  in  an  increase  in  activity 
because  of  autolysis  of  the  prodomain.  MMP-26  was  collected 


after  two  24-h  dialyses  with  fresh  buffer  at  4  °C  (further  dial¬ 
ysis  or  incubation  gradually  reduced  the  activity).  Partially 
activated  MMP-26  was  compared  with  the  zymogen  form  on  a 
silver-stained  polyacrylamide  gel  (Fig.  3).  The  band  near  30  kDa 
was  confirmed  to  be  pro-MMP-26  by  amino-terminal  sequencing 
(Fig.  3,  lane  2)  (14).  Several  bands  below  30  kDa  appeared  after 
the  dialysis,  three  of  which  were  located  between  20  and  25  kDa 
(Fig.  3,  lane  3).  One  or  more  of  the  three  cleavage  products  may 
be  active  forms  of  MMP-26  and  was  analyzed  by  amino-terminal 
sequencing.  Only  the  top  two  bands  were  successfully  sequenced. 
The  top  band  resulted  from  cleavage  of  a  peptide  bond  between 
Leu49  and  Thr50,  and  the  band  below  it  was  a  product  of  cleavage 
between  Ala75  and  Leu76  (sequence  based  on  Ref.  14).  The  cleav¬ 
age  at  either  site  does  not  remove  the  cysteine  switch  sequence 
PHC82GVPDGSD. 

Cleavage  of  Fluorogenic  Substrates  by  MMP-26— Initial 
screening  of  a  number  of  fluorogenic  peptide  substrates  re¬ 
vealed  that  gelatinase  and  collagenase  peptide  substrates  were 
most  efficiently  cleaved  by  MMP-26  (14,  17).  Therefore,  we 
chose  peptide  substrates  designed  for  gelatinases  or  collag- 
enases  for  further  study,  three  of  which  contained  Trp  and  two 
of  which  contained  7-methoxy  coumarin  as  the  fluorogenic 
group,  respectively  (26-30).  The  active  MMP-26  concentration 
was  determined  by  active  site  titration  with  inhibitor  I  (Fig.  4) 
using  the  least  efficient  substrate  tested  as  described  under 
“Experimental  Procedures.”  The  titration  analysis  revealed  the 
concentration  of  active  MMP-26  to  be  ~5%  of  the  total  enzyme 
concentration  (21  of  400  nM).  The  cleavage  sites  of  the  six 
fluorogenic  peptide  substrates  were  determined  by  identifying 
the  mass  of  the  products  by  mass  spectrometry.  Mass  spectra  of 
the  cleavage  products  revealed  that  the  cleavage  sites  of  the 
substrates  by  MMP-26  and  MMP-9  were  identical  as  shown  in 
the  example  of  peptide  III  (Fig.  5).  The  specificity  constants 
(kcJKm)  of  these  six  peptide  substrates  with  MMP-26  were 
measured  and  calculated  as  shown  in  Table  II.  MMP-26  hydro¬ 
lyzed  peptide  V  with  the  highest  specificity  constant  (3.0  X  104 
m-1  s_1),  which  is  still  10-fold  lower  than  the  specificity  con¬ 
stant  with  MMP-2  (3.97  X  105  m"1  s_1)  (26). 

Cleavage  Site  of  a  rPI  and  IGFBP-1— MMP-26  cleaved  arPI 
near  the  COOH  terminus  to  produce  a  COOH-terminal  frag¬ 
ment  of  approximately  5  kDa  (Fig.  6,  lanes  6  and  7).  This 
fragment  was  detected  by  silver  staining  of  a  15%  SDS-PAGE 
gel  run  under  optimized  conditions  to  identify  proteins  of  mo¬ 
lecular  masses  <10  kDa  as  described  previously  (31).  A  24-h 
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Fig.  3.  Autolysis  of  MMP-26  during  dialysis.  Lanes  1-3  were  low 
molecular  weight  markers  and  the  folded  MMP-26  before  and  after 
dialysis  at  4  °C  for  24  h,  respectively.  The  cleavage  sites  of  MMP-26  that 
formed  the  two  major  bands  around  20  kDa  were  revealed  to  be  The51- 
Gln52  and  Ala75-Leu76  by  amino -terminal  sequencing. 


Fig.  4.  Determination  of  the  active  MMP-26  concentration  by 
titration  of  MMP-26  with  inhibitor  L  Total  MMP-26  concentration 
was  estimated  to  be  400  nM  by  molar  absorptivity.  The  estimated  active 
concentration  was  21  nM  by  fitting  the  titration  data  into  Morrison’s 
equation  (19).  The  assays  were  performed  as  described  under  “Experi¬ 
mental  Procedures”  with  1  jim  of  the  substrate. 


incubation  of  arPI  with  MMP-26  at  room  temperature  led  to 
the  formation  of  a  fragment  below  14.4  kDa  ( lane  6 ),  which  was 
not  cleaved  any  further  after  2  days  of  incubation  ( lane  7).  The 
mass  spectrum  of  the  a^-PI  and  MMP-26  mixture  (Fig.  IB) 
exhibited  two  new  peaks  located  at  4260  and  4774,  which  were 
not  observed  in  the  spectrum  of  arPI  alone  (Fig.  7A).  Based  on 
molecular  mass  analysis,  the  cleavage  sites  resulting  in  these 
fragments  should  be  Phe352-Leu353  (-47  74  Da)  and  Pro357- 
Met358  (—42  60  Da)  near  the  COOH  terminus  of  oq-PI. 

A  comparison  of  lanes  2  and  7  in  Fig.  8  indicated  that  there 
was  no  detectable  proteolysis  of  IGFBP-1  without  MMP-26. 
The  dark  band  around  30  kDa  (IGFBP-1)  disappeared,  and  a 
band  below  14.4  kDa  appeared  when  IGFBP-1  was  incubated 
with  MMP-26  for  1  or  2  days  {lanes  4  and  5,  respectively).  The 
amino-terminal  sequence  of  this  band  was  determined  to  be 
Val-The-Asn-Ile-Lys-Lys-Trp-Lys,  demonstrating  that  it  arises 


Fig.  5.  An  example  of  the  determination  of  fluorogenic  peptide 
cleavage  sites  by  MALDI  TOF  mass  spectrometry.  80  jllM  peptide 
substrate  III  (Table  II),  Dnp-Pro-Leu-Gly-Leu-Trp-Ala-(D)-Arg-OH) 
was  incubated  overnight  with  5  nM  MMP-9  (human  neutrophil  gelatin- 
ase)  (A),  alone  (B),  and  with  20  nM  endometase  (C),  pH  7.5,  and  10  mM 
HEPES  containing  5  mM  CaCl2  at  room  temperature.  The  two  peaks 
observed  at  mfz  1474  and  2953  were  internal  synthetic  peptide  mass 
calibrants.  The  peaks  at  mfz  975  and  542  were  the  substrate  and  the 
cleaved  peptide  fragment,  Leu-Trp-Ala-(D)-Arg-OH,  produced  by  cleav¬ 
age  of  the  Gly-Leu  peptide  bond  by  MMP-9  and  endometase, 
respectively. 


Table  II 

Peptide  substrates  of  MMP-26? 


Fluorogenic  substrate  cleavage  sites6  kcal/Km 


s"1  AT1 

P3  P2  PI  PI'  P2'  P3'  P4' 

Dnp-Pro-Leu-Gly-Met-Trp-Ser-Arg-OH  (I)  9.4 X  103 

Dnp-Pro-Leu-Ala-Tyr-Trp-Ala-Arg-OH  (II)  3.5 X  103 

Dnp-Pro-Leu-Gly-Leu-Trp-Ala- (D) Arg-OH  (III)  4:9 X  103 

Mca-Pro-Cha-Gly-Nva-His-Ala-Dpa-NH2  (IV)  1.7  X  104 

Mca-Pro-Leu-Ala-Nva-Dpa-Ala-Arg-NH2  (V)  3.0  X  104 

Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2  (VI)  2.2  X  104 


a  All  of  the  assays  were  performed  in  pH  7.5  buffer  containing  50  mM 
HEPES,  0.2  M  NaCl,  0.01  m  CaC12,  0.01%  Brij-35  at  25°C.  The  range  of 
substrate  concentrations  used  were  1  pM,  and  the  active  MMP-26  con¬ 
centration  used  was  2  nM  for  the  substrates  containing  the  Mca  group 
and  10  nM  for  the  substrates  containing  the  Trp  residue. 

6  The  cleavage  sites  of  the  substrates  were  determined  by  mass  spec¬ 
trometry  as  described  under  “Experimental  procedures”  and  Fig.  5. 

from  cleavage  at  the  same  site  (His140-Val141)  as  stromelysin-3 
(MMP-11),  which  produces  an  inactive  9-kDa  fragment  (32). 

DISCUSSION 

The  results  obtained  from  peptide  library  studies  indicate 
that  MMP-26  substrate  specificities  are  similar  to  those  of 
other  MMPs  where  hydrophobic  residues  are  preferred  at 
PI 'and  P2,  proline  is  preferred  at  P3,  and  serine  is  preferred  at 
PI.  The  optimal  cleavage  motifs/consensus  peptide  sequences 
for  MMP-26  were  Lys-Pro-Ile/Leu-Ser(Pl)-Leu/Met(Pl')-Ile/ 
Thr-Ser/Ala-Ser  (Table  I),  which  are  not  identical  to  those  of 
MMP-1,  MMP-2,  MMP-3,  MMP-7,  MMP-9,  and  MMP-14  (12). 
Based  on  this  sequence  specificity  knowledge,  new  fluorescence 
resonance  energy  transfer  substrates  more  specific  for  MMP-26 
will  be  designed  and  developed.  These  data  may  provide  critical 
information  applicable  to  the  design  of  new  MMP-26-specific 
inhibitors  and  to  the  identification  of  novel  physiological  and 
pathological  substrates  of  MMP-26  in  vivo. 

The  inhibition  constants  of  four  synthetic  inhibitors  with 
MMP-26  were  comparable  to  those  with  gelatinases  and  colla- 
genases,  the  enzymes  for  which  the  inhibitors  were  designed. 
This  corroborates  the  findings  that  the  substrate  specificity  of 
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Fig.  6.  Cleavage  of  human  ax-PI  by  MMP-26.  After  incubation  of 
an  cq-PI  (900  ugl ml)  and  MMP-26  (13  /Ag/ml)  mixture  for  1  day  ( lane  6) 
and  2  days  ( lane  7)  at  room  temperature,  the  COOH-terminal  cleavage 
products  were  detected  by  silver  staining  a  15%  SDS-PAGE  gel.  Sam¬ 
ples  containing  cq-PI  were  overloaded  to  detect  the  bands  of  around  4.5 
kDa  in  lanes  6  and  7,  which  might  be  4.8-  and  4.2-kDa  fragments 
produced  by  MMP-26  proteolysis  of  oq-PI.  The  two  amino-terminal 
sequences  were  deduced  from  the  mass  spectrometry  results  shown  in 
Fig.  6  compared  with  the  primary  structure  of  human  aq-PI. 


Fig.  7.  Cleavage  sites  of  o^-PI  by  MMP-26  determined  by 
MALDI  TOF  mass  spectrometry.  ax-PI  alone  (A)  and  with  MMP-26 
(B)  were  incubated  for  1  day  in  10  mM  HEPES  buffer  at  pH  7.5  con¬ 
taining  5  mM  CaCl2.  The  peaks  at  m!z  1474  and  2953  were  two  internal 
calibrants.  The  two  peaks  observed  at  mfz  4260  and  4774  were  produced 
from  a^-PI  cleavage  by  MMP-26  at  the  sites  Pro357-Met368  and 
Phe352-Leu363. 

MMP-26  is  quite  close  to  that  of  other  MMPs.  Inhibitor 
I/GM6001  was  the  most  potent  inhibitor  of  MMP-26  tested  with 
a  Kfpp  of  0.36  nM.  GM6001  also  potently  inhibits  MMP-2  (Ki  = 
0.5  um)  and  MMP-8  (Kt  =  0.1  nM)  but  is  less  effective  against 
MMP-3  (Kt  =  27  nM)  (23).  Inhibitor  III  is  a  less  potent  stereo¬ 
isomer  of  inhibitor  II,  and  MMP-8  discriminates  between  the 
two  with  a  250-fold  difference  in  their  inhibition  constants. 
There  was  only  40-fold  difference  between  the  Kfpp  values  of 
the  stereoisomers  with  MMP-26,  indicating  that  MMP-26  is 
less  stereoselective  for  its  inhibitors.  Inhibitor  IV  was  more 
selective  for  MMP-1  and  MMP-8  (IC50  =  lfiM  against  both 
enzymes)  than  MMP-9  (IC50  =  30  /am)  and  MMP-3  (IC50  =  150 
/am)  (25).  This  inhibitor  has  an  IC50  value  of  3.4  /am  with 
MMP-26,  similar  as  that  with  MMP-1  and  MMP-8. 

A  survey  of  known  protein  cleavage  sites  determined  in  vitro 
for  MMP-26  is  summarized  in  Table  III.  The  survey  indicates 
that  hydrophobic  residues  are  preferred  at  PI'  and  appear  in 
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Fig.  8.  Cleavage  of  IGFBP-1  by  MMP-26.  IGFBP-1  (80  /xg/ml)  was 
incubated  with  MMP-26  (13  /Ag/ml)  for  0  h  ( lane  2 ),  1  h  ( lane  3),  1  day 
(lane  4 ),  and  2  days  (lane  5).  The  dense  band  below  14.4  kDa  observed 
after  1  day  (lane  4)  was  the  product  of  IGFBP-1  cleavage  by  MMP-26  at 
the  His140-Val141  site. 


Table  III 

Protein  sequences  hydrolyzed  by  MMP-26 


Proteins 

Cleavage  sites0 

aj-PP* 

GAMF-LEAI 

EAIP-MSIP 

MMP-26  (autolysis)6 

QMHA-LLHQ 

SPLL-TQET 

MMP-26  ( autolysis  )c 

QLLQ-QFHR 

IGFBP-1* 

KALH-VTNI 

Fibronectin^ 

SPVA-VSQS 

Vitronectin^ 

KPEG-IDSR 

Fibrinogen^ 

SKPN-MIDA 

HTEK-LVTS 

GDKE-LRTG 

a  A  line  is  inserted  in  the  cleavage  site. 

6  Data  from  this  study. 
c  Data  from  Marchenko  et  al.  (41). 
d  Data  from  Marchenko  et  al.  (17). 

almost  all  of  the  substrates.  Residues  occurring  at  other  posi¬ 
tions  that  agree  with  the  consensus  from  the  peptide  libraries 
include  proline  (3  times)  at  P3,  hydrophobic  residues  (6  times) 
at  P2,  and  Ser,  Ala,  and  Thr  (4  times)  at  P3'.  Residues  at  the 
other  positions  seem  random  and  do  not  coincide  with  residue 
predictions  by  the  peptide  libraries,  although  the  libraries  do 
indicate  less  stringent  selectivity  at  these  positions.  Accord¬ 
ingly,  no  individual  protein  cleavage  site  precisely  matches  the 
consensus  motif  determined  by  the  peptide  library  studies, 
suggesting  that  the  cleavage  sites  in  these  protein  substrates 
are  probably  sub  optimal  for  cleavage  by  MMP-26.  The  folding 
topology  of  the  protein  may  be  a  contributing  factor  to  the  en¬ 
zyme-substrate  interactions.  Although  the  protein  cleavage  site 
may  not  be  the  optimal  sequence,  the  peptide  chain  might  as¬ 
sume  a  conformation  that  is  easily  accessible  to  a  protease  active 
site;  for  example,  an  exposed  loop  is  found  in  the  bait  region  of 
a2-macroglobulin  (33),  and  the  reactive  loop  is  found  in  the  bait 
region  of  arPI  (34).  Alternatively,  the  cleavage  of  a  suboptimal 
site  may  be  promoted  by  recruitment  to  the  enzyme  via  a  sub¬ 
strate-binding  exosite.  In  addition,  the  presence  of  unfavorable 
residues  around  the  cleavage  site  may  slow  down  the  rate  of 
digestion  by  a  protease,  regulating  the  degradation  process. 

MMP-26  has  been  shown  to  digest  several  components  of  the 
extracellular  matrix,  such  as  fibronectin,  collagens,  fibrinogen, 
and  vitronectin,  but  not  any  of  several  plasma  proteins  tested 
with  the  exception  of  Uj-PI  (14,  17).  It  has  been  reported  that 
the  cleavage  of  the  reactive  loop  residues  around  350-365  in 
arPI  by  MMP-1  and  MMP-3  inactivates  the  inhibitor  (34-36). 
The  digestion  of  arPI  by  MMP-26  generates  two  major  peaks 
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that  originate  from  the  cleavage  at  two  sites  near  the  COOH- 
terminal  region,  Phe352-Leu353  (-47  74  Da)  and  Pro357-Met358 
(—4260  Da).  These  are  the  same  cleavage  sites  for  MMP-1  (35). 
In  addition,  MMP-3  cleaves  the  Pro357-Met358  bond  (34). 
MMP-11  cleaves  the  Ala350-Met351  bond  (36),  a  site  distinct  from 
those  of  MMP-26  and  MMP-1.  Interestingly,  direct  evidence 
showed  that  arPI  was  a  critical  substrate  for  MMP-9  in  vivo  in 
a  mouse  model  of  the  autoimmune  disease  bullous  pemphigoid 
(37).  Thus,  MMP-26  may  inactivate  c^-PI  like  the  other  MMPs  to 
promote  serine  proteinase  activity,  enhancing  extracellular  ma¬ 
trix  degradation  in  cancers  or  other  pathological  processes. 

The  insulin-like  growth  factors,  IGFBPs,  and  IGFBP  pro¬ 
teases  are  involved  in  the  regulation  of  somatic  growth  and 
cellular  proliferation.  The  level  of  free  insulin-like  growth  fac¬ 
tor  in  a  system  is  modulated  by  rates  of  insulin-like  growth 
factor  production  and  clearance  and  the  degree  of  binding  to 
IGFBPs  (38).  IGFBP-1  inhibits  IGF-I-induced  proliferation  of 
the  MCF-7  human  breast  adenocarcinoma  (32).  Through  their 
inactivation  of  IGFBP-1,  MMPs  were  able  to  promote  cell 
growth  and  survival  by  the  increase  of  the  effective  insulin-like 
growth  factor  concentration  in  the  surrounding  medium  (32). 
MMP-26  cleaves  the  His140-Val141  bond  in  IGFBP-1  as  does 
MMP-11.  Therefore,  the  cleavage  of  IGFBP-1  by  MMP-26  to 
produce  the  9-kDa  inactive  form  may  sustain  the  survival  of 
cancer  cells,  increasing  the  chance  of  metastasis. 

The  cleavage  sites  in  the  fluorogenic  substrates  seem  in  good 
agreement  with  the  motifs  determined  by  the  peptide  library 
approach.  Although  the  six  commercial  fluorogenic  peptide 
substrates  tested  were  not  designed  for  the  specificity  of  MMP- 
26,  some  of  them  resemble  closely  to  the  consensus  sequences  of 
peptide  substrates  for  MMP-26  determined  by  the  peptide  li¬ 
brary  studies,  proline  at  P3,  a  hydrophobic  residue  at  P2,  PI', 
and  P2',  and  small  residues  at  P3',  with  the  exception  that 
serine  is  preferred  at  PI  and  P4',  Lys  is  preferred  at  P4,  but  a 
basic  residue  is  not  preferred  at  P2'.  The  best  substrate  tested 
for  MMP-26  was  peptide  V,  Mca-Pro-Leu-Ala-Nva-Dpa-Ala- 
Arg-NH2.  This  peptide  appears  to  be  very  close  to  optimal 
sequences  determined  by  the  peptide  library  studies  where 
there  is  a  selected  residue  at  essentially  every  position  (see  Fig. 

I  and  Table  I)  with  the  exception  that  the  peptide  libraries  do 
not  have  Nva  at  PI'. 

The  cleavage  sites  in  the  protein  substrates  tested  do  not 
match  exactly  the  optimal  motifs  identified  by  the  peptide  library 
approach;  however,  upon  close  examination  of  the  protein  cleav¬ 
age  site  data  presented  in  Table  III,  it  seems  that  the  amino  acid 
residues  at  PI  and  P4'  are  less  selective.  This  is  in  good  agree¬ 
ment  with  the  peptide  library  data.  Furthermore,  PI'  is  more 
selective,  and  Leu,  Met,  and  lie  are  preferred  at  PI'  (Fig.  1).  This 
finding  is  consistent  with  the  protein  cleavage  site  data  shown  in 
Table  III  in  which  7  of  the  11  residues  (64%)  at  PI'  are  these 
residues.  Moreover,  two  Lys  residues  are  found  at  the  P4,  and 
two  Ser  residues  are  found  at  P4'  of  the  protein  cleavage  sites, 
which  is  also  unique  to  MMP-26  according  to  the  library  data. 

The  relative  rates  of  cleavage  in  the  six  fluorogenic  sub¬ 
strates  also  correspond  to  the  peptide  library  data  relatively 
well.  The  best  substrate  is  peptide  V  with  a  specificity  constant 
of  3.0  X  104  m— 1  s_1.  In  addition  to  peptide  V,  peptides  IV  and 
VI  are  also  relatively  good  substrates  for  MMP-26  with  speci¬ 
ficity  constants  of  1.7  X  104  M-1  s-1  and  2.2  X  104  m-1  s-1, 
respectively  (Table  II).  The  worst  substrate  of  MMP-26  in  Table 

II  is  peptide  II  with  a  specificity  constant  —10  times  slower 
than  peptide  V.  Neither  Ala  at  PI  nor  Tyr  at  PI'  in  the  peptide 
II  is  preferred.  On  the  other  hand,  the  rate  of  cleavage  of 
peptide  V,  the  best  peptide  of  MMP-26  in  Table  II,  is  10  times 
slower  than  the  rate  of  substrate  cleavage  by  MMP-2  (3.97  X 
105  m“x  s"1)  (26).  The  slower  rate  of  peptide  and  protein  diges¬ 


tion  by  MMP-26  suggests  that  this  enzyme  is  not  the  most 
powerful  MMP  catalytically  or  the  optimal  substrates  for 
MMP-26  have  not  been  identified. 

It  is  also  possible  that  a  manageable  rate  of  MMP-26  catal¬ 
ysis  may  be  required  in  biological  processes  such  as  normal 
implantation  where  tight  control  of  substrate  degradation  is 
highly  desirable.  In  the  latter  scenario,  the  function  of  MMP-26 
may  not  be  limited  to  the  direct  degradation  of  ECM.  MMP-26 
may  play  a  more  critical  role  in  controlling  the  activities  of 
growth  factors  or  proteases  that  mediate  such  processes.  Con¬ 
sequently,  biologically  significant  substrates  of  MMP-26  may 
be  growth  factor-binding  proteins,  receptors,  zymogens,  and 
enzyme  inhibitors. 

MMP-26  is  not  only  unique  in  terms  of  its  tissue  and  cell- 
specific  expression  as  reported  by  us  and  others  (14-17)  but 
also  because  of  its  unique  cysteine  switch  sequence 
(PH81CGVPDGSD)  and  thus  its  unique  pathway  of  proenzyme 
activation.  Many  members  of  the  MMP  family  follow  the  classic 
cysteine-switch  activation  model  (39,  40).  The  inactivity  of  a 
pro-MMP  is  generally  attributable  to  a  complex  between  the 
sulfhydryl  group  of  a  cysteine  residue  in  the  cysteine  switch 
sequence  (PRCGVPDV)  of  the  prodomain  and  the  active  site 
zinc  atom  in  the  catalytic  domain.  The  activation  of  a  pro-MMP 
can  be  achieved  proteolytically  by  hydrolysis  of  the  propeptide 
on  the  carboxyl-terminal  side  of  the  cysteine  switch  residue 
near  the  border  between  the  propeptide  and  catalytic  domains. 
This  proteolytic  step  may  be  catalyzed  by  another  proteinase  or 
it  may  be  an  autolytic  step  (39,  40).  However,  Marchenko  et  al 
(41)  have  challenged  the  cysteine-switch  model.  Their  report 
showed  that  the  activating  cleavage  site  of  pro-MMP-26  occurs 
at  Gln59-Gln60,  leaving  the  putative  cysteine  switch  sequence 
intact.  It  was  suggested  that  the  Arg  to  His  substitution  exist¬ 
ing  in  the  unique  PH81CGVPDGSD  cysteine-switch  motif  of 
pro-MMP-26  abolishes  the  ability  of  Cys82  to  interact  with  the 
zinc  ion  of  the  catalytic  domain  (41). 

We  have  identified  two  of  the  major  autolytic  sites  in 
MMP-26  to  be  Leu49-Thr50  and  Ala75-Leu76.  Although  differ¬ 
ent  from  the  Gln59-Gln60  site,  the  cleavage  at  these  two  sites 
also  does  not  remove  the  cysteine  switch  sequence 
(PHC82GVPD)  from  the  enzyme,  suggesting  that  Cys82  may 
not  play  a  role  in  the  latency  of  the  zymogen,  which  is  consist¬ 
ent  with  the  hypothesis  proposed  by  Marchenko  et  al.  (41). 
Alternatively,  the  thiol  group  of  Cys82  could  be  transiently 
dissociated  from  the  zinc  ion  at  the  active  site,  allowing  a  water 
molecule  to  bind  to  the  zinc  ion  and  the  enzyme  to  exhibit 
catalytic  activity.  Our  inhibitor  titration  data  demonstrated 
that  —5%  of  the  total  enzyme  molecules  was  active.  This  ob¬ 
servation  may  support  the  concept  that  the  thiol  groups  of 
Cys82  in  the  active  enzyme  molecules  are  dissociated  or  re¬ 
moved  from  the  active  site  zinc  ions  and  the  thiol  groups  of  the 
Cys82  in  remaining  95%  of  the  total  enzyme  molecules  are  still 
coordinated  with  the  zinc  ions  at  the  active  sites,  forming  a 
steady-state  equilibrium  between  the  active  enzyme  molecules 
and  the  zymogen  molecules.  However,  this  hypothesis  and  the 
detailed  activation  mechanisms  of  pro-MMP-26  remain  to  be 
thoroughly  investigated  (42).  In  summary,  this  work  provides 
new  knowledge  on  the  MMP-26  substrate  specificity  to  build  a 
working  model  for  the  future  design  of  MMP-26  inhibitors, 
studies  of  pro-MMP-26  activation,  and  identification  of  optimal 
physiological  and  pathological  substrates  of  MMP-26  in  vivo. 
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ABBREVIATIONS 


ANOVA,  analysis  of  variance;  AP,  alkaline  phosphatase;  APMA,  aminophenylmercuric  acid; 
ARCaP,  androgen  repressed  prostate  cancer  cells  line;  BCIP,  5-bromo-4-chloro-3-indoyl 
phosphate;  BPH,  benign  prostate  hyperplasia;  BSA,  bovine  serum  albumin;  DMEM, 
Dulbecco’s  modified  Eagle's  medium;  ECM,  extracellular  matrix;  EDTA, 
ethylenediaminetetraacetic  acid;  FBS,  fetal  bovine  serum;  FN,  fibronectin;  GAPDH, 
glyceraldehyde-3 -phosphate  dehydrogenase;  HEPES,  N-2-hydroxyethylpiperazine-N'-2- 
ethane  sulfonate;  HFC,  human  fibroblast-type  collagenase;  HRP,  horseradish  proxidase; 

IMA,  integrated  morphometry  analysis;  LSD,  least  significant  difference;  mAb,  monoclonal 
antibody;  MS,  mass  spectrometry;  MMP-7,  matrix  metalloproteinase-7/matrilysin;  MMP-9, 
matrix  metalloproteinase-9/gelatinase  B;  MMP-26,  matrix  metalloproteinase- 
26/endometase/matrilysin-2;  MMPs,  matrix  metalloproteinases;  NBT,  nitro  blue  tetrazolium; 
pAb,  polyclonal  antibody;  NGAL,  neutrophil  gelatinase-associated  lipocalin;  PBS,  phosphate 
buffered  saline;  PFA  paraformaldehyde;  PMC,  phenylmercuric  acid;  RP-HPLC,  reverse- 
phase  high  performance  liquid  chromatography;  RT-PCR,  reverse  transcription  polymerase 
chain  reaction;  SD,  standard  deviation;  SDS-PAGE,  sodium  dodecyl  sulfate  polyacrylamide 
gel  electrophoresis;  TBS,  Tris  buffered  saline. 
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SUMMARY 


This  work  has  explored  a  putative  biochemical  mechanism  by  which 
endometase/matrilysin-2/matrix  metalloproteinase-26  (MMP-26)  may  promote  human 
prostate  cancer  cell  invasion.  Here,  we  showed  that  the  levels  of  MMP-26  protein  in  human 
prostate  carcinomas  from  multiple  patients  were  significantly  higher  than  those  in  prostatitis, 
benign  prostate  hyperplasia,  and  normal  prostate  glandular  tissues.  The  role  of  MMP-26  in 
prostate  cancer  progression  is  unknown.  MMP-26  was  capable  of  activating  pro-MMP-9  by 
cleavage  at  the  Ala93  -Met94  site  of  the  prepro-enzyme.  This  activation  proceeded  in  a  time- 
and  dose-dependent  manner,  facilitating  the  efficient  cleavage  of  fibronectin  by  MMP-9.  The 
activated  MMP-9  products  generated  by  MMP-26  appeared  more  stable  than  those  cleaved 
by  MMP-7  under  the  conditions  tested.  To  investigate  the  contribution  of  MMP-26  to  cancer 
cell  invasion  via  the  activation  of  MMP-9,  highly  invasive  and  metastatic  human  prostate 
carcinoma  cells,  androgen-repressed  prostate  cancer  (ARCaP)  cells,  were  selected  as  a 
working  model.  ARCaP  cells  express  both  MMP-26  and  MMP-9.  Specific  anti-MMP-26  and 
anti-MMP-9  functional  blocking  antibodies  both  reduced  the  invasiveness  of  ARCaP  cells 
across  fibronectin  or  type  IV  collagen.  Furthermore,  the  introduction  of  MMP-26  antisense 
cDNA  into  ARCaP  cells  significantly  reduced  the  MMP-26  protein  level  in  these  cells  and 
strongly  suppressed  the  invasiveness  of  ARCaP  cells.  Double  immunofluorescence  staining 
and  confocal  laser  scanning  microscopic  images  revealed  that  MMP-26  and  MMP-9  were  co¬ 
localized  in  parental  and  MMP-26  sense-transfected  ARCaP  cells.  Moreover,  MMP-26  and 
MMP-9  proteins  were  both  expressed  in  the  same  human  prostate  carcinoma  tissue  samples 
examined.  These  results  indicate  that  MMP-26  may  be  a  physiological  and  pathological 
activator  of  pro-MMP-9,  and  the  activation  of  pro-MMP-9  by  MMP-26  may  be  an  important 
mechanism  contributing  to  the  invasive  capabilities  of  prostate  carcinomas. 
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INTRODUCTION 


During  the  initial  phases  of  carcinoma  cell  invasion,  as  tumor  cells  begin  to  spread 
and  infiltrate  into  the  surrounding  normal  tissues,  these  cells  must  first  degrade  the  basement 
membrane  and  other  elements  of  the  extracellular  matrix  (ECM),  including  type  IV  collagen, 
laminin  and  fibronectin  (1).  Multiple  protease  families,  including  the  matrix 
metalloproteinases  (MMPs),  serine  proteases  and  cysteine  proteases,  are  suspected  of 
contributing  to  the  invasive  and  metastatic  abilities  of  a  variety  of  malignant  tumors  (2-5),  but 
the  specific  biochemical  mechanisms  that  facilitate  these  invasive  behaviors  remain  elusive. 

More  than  23  human  MMPs,  and  numerous  homologues  from  other  species,  have 
been  reported  (5),  and  matrix  metalloproteinase-26  (MMP-26)/endometase/matrilysin-2  is  a 
novel  member  of  this  enzyme  family  that  was  recently  cloned  and  characterized  by  our  group 
(6)  and  others  (7-9).  MMP-26  mRNA  is  primarily  expressed  in  epithelial  cancers,  such  as 
lung,  breast,  endometrial  and  prostate  carcinomas,  in  their  corresponding  cell  lines  (6-9),  and 
in  a  very  limited  number  of  normal  adult  tissues,  such  as  the  uterus  (6,  8),  placenta  (7,  8)  and 
kidney  (9).  Recently,  we  have  found  that  the  levels  of  MMP-26  gene  and  protein  expression 
are  higher  in  a  malignant  choriocarcinoma  cell  line  (JEG-3)  than  in  normal  human 
cytotrophoblast  cells  (10).  Our  preliminary  studies  indicate  that  expression  of  MMP-26  may 
be  correlated  with  the  malignant  transformation  of  human  prostate  and  breast  epithelial  cells. 
The  specific  expression  of  MMP-26  in  malignant  tumors  and  the  proteolytic  activity  of  this 
enzyme  against  multiple  components  of  the  ECM,  including  fibronectin  (FN),  type  IV 
collagen,  vitronectin,  gelatins  and  fibrinogen,  as  well  as  non-ECM  proteins  such  as  insulin¬ 
like  growth  factor  binding  protein  1  and  alpha  1 -protease  inhibitor  (6-9),  indicate  that  MMP- 
26  may  possess  an  important  function  in  tumor  progression. 

Another  member  of  the  MMP  family  considered  to  be  an  important  contributor  to  the 
processes  of  invasion,  metastasis  and  angiogenesis  exhibited  by  tumor  cells  is  gelatinase  B 
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(MMP-9)  (1 1-14).  Uria  and  Lopez-Otin  have  demonstrated  that  MMP-26  is  able  to  cleave 
MMP-9  (8),  and  here  we  examine  the  possibility  that  MMP-26  facilitates  tumor  cell  invasion 
through  the  activation  of  pro-MMP-9.  The  highly  invasive  and  metastatic  cell  line  utilized  for 
this  study,  an  androgen-repressed  human  prostate  cancer  (ARCaP),  was  derived  from  the 
ascites  fluid  of  a  patient  with  advanced  prostate  cancer  that  had  metastasized  to  the  lymph 
nodes,  lungs,  pancreas,  liver,  kidneys  and  bones  (15).  This  cell  line  produces  high  levels  of 
MMP-9  and  gelatinase  A  (MMP-2)  (15,  16). 

In  this  study,  we  provide  evidence  that  MMP-26  is  capable  of  activating  pro-MMP-9, 
and  that  once  activated,  MMP-9  cleaves  fibronectin,  type  IV  collagen  and  gelatin  with  great 
efficiency.  Both  the  MMP-26  and  MMP-9  proteins  were  highly  expressed  in  the  ARCaP 
cells,  and  co-localization  of  their  expression  patterns  was  consistently  observed.  The 
invasiveness  of  ARCaP  cells  through  FN  or  type  IV  collagen  was  significantly  decreased  in 
the  presence  of  antibodies  specifically  targeting  MMP-26  or  MMP-9.  In  addition,  cells 
transfected  with  antisense  MMP-26,  showing  significant  reduction  of  MMP-26  at  the  protein 
level,  exhibited  a  reduction  of  invasive  potential  in  vitro  in  addition  to  a  significant 
diminution  in  observed  levels  of  active  MMP-9  protein.  These  results  support  the  hypothesis 
that  activation  of  MMP-9  by  MMP-26  may  promote  the  in  vitro  invasiveness  of  ARCaP  cells 
through  FN  or  type  IV  collagen,  while  the  co-expression  of  MMP-26  and  MMP-9  in  many 
human  prostate  carcinoma  tissues  indicates  that  this  relationship  may  also  occur  in  vivo. 


5 


MATERIALS  AND  METHODS 


Cell  Culture — ARCaP,  DU145,  PC-3  and  LNCaP,  which  are  all  established  human  prostate 
carcinoma  cell  lines,  were  routinely  grown  in  low-glucose  Dulbecco’s  modified  Eagle's 
medium  (DMEM)  supplemented  with  10%  fetal  bovine  serum  (FBS),  100  units/ml  penicillin 
and  100  pg/ml  streptomycin  in  a  humidified  atmosphere  containing  5%  CO2  at  37°C. 

Silver  Stain  and  Gelatin  Zymography —  Purified  recombinant  MMP-26  (6)  or  MMP-7  was 
incubated  with  purified  pro-MMP-9  (17)  or  pro-MMP-2  (18)  in  HEPES  buffer  (50  mM 
HEPES,  pH  7.5,  200  mM  NaCl,  10  mM  CaCl2  and  0.01%  Brij-35)  at  37  °C.  For  the  dosage 
dependence  of  MMP-9  activation,  MMP-9  (0.2  pM,  final  concentration)  was  incubated  with 
MMP-7  and  MMP-26  at  the  indicated  molar  concentration  ratio  (2:1,  4:1,  and  8:1)  for  24 
hours.  The  MMP-9  activation  was  quenched  by  2x  SDS  PAGE  sample  buffer  containing  50 
mM  of  EDTA.  The  resulting  solution  was  further  diluted  five  times  and  5  pi  of  the  diluted 
sample  was  loaded  onto  SDS-polyacrylamide  gels  (8  %).  For  the  time  dependence  of  MMP-9 
activation,  MMP-9  (0.2  pM)  was  incubated  with  MMP-7  (0.05  pM)  and  MMP-26  (0.05  pM) 
for  the  indicated  time  period  (0,  4,  8,  24  and  48-hours)  before  quenching  with  the  sample 
buffer.  For  FN  cleavage  assays,  2  pi  of  FN  (0.25  mg/ml)  were  incubated  with  30  pi  of  MMP- 
26  (final  concentration  0.05  pM),  or  pro-MMP-9  (final  concentration  0.2  pM),  or  MMP-26- 
activated  MMP-9  solutions  in  1  x  HEPES  buffer  at  37 0  C  for  1 8  hours.  For  silver  staining,  the 
reaction  was  stopped  by  adding  4x  reducing  sample  buffer  (6%  SDS,  40%  glycerol,  200  mM 
Tris-HCl,  pH  6.8,  5%  P-mercaptoethanol,  200  mM  EDTA  and  0.08%  bromphenol  blue)  and 
boiled  for  5  minutes.  Following  electrophoresis  on  a  9%  SDS-polyacrylamide  gel,  the 
protein  bands  were  visualized  by  silver  staining  (19).  For  gelatin  zymogram,  the  gel  was 
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incubated  for  3  hours  at  37  °C  before  it  was  stained  with  0.1%  Coomasie  blue  solution  (17, 

20,21). 

Protein  N -Terminal  Sequencing  -  Samples  were  separated  by  SDS-PAGE  and  transferred  to 
ProBlott™  polyvinylidene  difluoride  membranes  (Applied  Biosystems)  using  CAPS  buffer 
(10  mM  3-cyclohexylamino-l-propanesulfonic  acid,  pH  11,  0.005%  SDS).  Proteins  were 
visualized  by  staining  with  Coomassie  Brilliant  Blue  R-250  solution  (0.1%  Coomassie 
Brilliant  Blue  R-250,  40%  Methanol,  1%  Acetic  acid)  and  excised  fragments  were  sent  for 
sequencing.  N-terminal  sequencing  was  performed  at  the  Bioanalytical  Core  Facility  at 
Florida  State  University. 

RT-PCR  Analysis — RNA  was  extracted  from  the  original  cells  by  Trizol  according  to 
manufacturer  protocols  (Life  Technologies,  Inc.  Carlsbad,  California),  and  2  pg  of  total  RNA 
were  subjected  to  RT-PCR  according  to  the  standard  protocol  provided  with  the  PCR  kit 
(Invitrogen  Corporation,  Carlsbad,  California).  The  MMP-26  forward  primer  was  5’- 
ACCATGCAGCTCGTCATCTTAAGAG-3’;  the  reverse  primer  5’- 
AGGTATGTCAGATGAACATTTTTCTCC-3  for  glyceraldehyde-3 -phosphate 
dehydrogenase  (GAPDH)  the  forward  primer  was  5  ’-ACGGATTTGGTCGTATTGGG-3 5 ; 
the  reverse  primer  5’-TGATTTTGGAGGGATCTCGC-3\  PCR  reactions  were  performed 
using  a  Biometra  Personal  Cycler  (Biometra,  Germany)  with  30  thermal  cycles  of  10  sec 
94°C  denaturing,  30  sec  60°C  annealing,  and  1  min  72°C  elongation.  Ten  pi  of  the  amplified 
PCR  products  were  then  electrophoresed  on  a  1.0%  agarose  gel  containing  0.5  mg/ml 
ethidium  bromide  for  analysis  of  size  differences.  To  confirm  the  amplification  of  the 
required  cDNA  sequences,  PCR  products  were  digested  with  a  restriction  enzyme  as  directed 
by  the  manufacturer. 

Generation  and  Characterization  of  Polyclonal  Antibodies — Specific  antigen  peptides 
corresponding  to  unique  sequences  in  the  pro-domain  and  metalloproteinase  domain  of 
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MMP-26  were  synthesized  by  Dr.  Umesh  Goli  at  the  Biochemical  Analysis,  Synthesis  and 
Sequencing  Services  Laboratory  of  the  Department  of  Chemistry  and  Biochemistry  at  Florida 
State  University  (Tallahassee,  FL).  The  sequence  selected  from  the  pro-domain  was  Thr50- 
Gln-Glu-Thr-Gln-Thr-Gln-Leu-Leu-Gln-Gln-Phe-His-Arg-Asn-Gly-Thr-Asp67,  and  the 
sequence  selected  from  the  metalloproteinase  domain  was  Asp188-Lys-Asn-Glu-His-Trp-Ser- 
Ala-Ser-Asp-Thr-Gly-Tyr-Asn201  of  the  prepro-enzyme.  Using  BLAST  search  method  at  the 
National  Center  for  Biotechnology  Information  web  site  against  all  of  the  sequences  in  the 
data  banks,  no  peptide  with  >45%  level  of  identity  was  found  (6),  predicting  the  antibodies 
directed  against  these  two  peptides  should  be  specific.  The  purity  of  these  peptides  was 
verified  by  reverse-phase  high  performance  liquid  chromatography  (RP-HPLC)  and  mass 
spectrometry  (MS).  Rabbit  anti-human  antibodies  were  then  generated,  purified  and 
characterized  as  described  previously  (19, 21).  Western  blot  analyses  have  demonstrated  that 
these  two  antibodies  are  highly  specific  for  MMP-26  because  they  do  not  cross  react  with 
human  matrilysin  (MMP-7),  stromelysin  (MMP-3),  gelatinase  A  (MMP-2),  gelatinase  B 
(MMP-9),  and  some  other  proteins  tested  (data  not  shown). 

Western  Blotting — Western  blotting  for  MMP-26  was  performed  by  lysing  the  cells  with 
Tris-buffered  saline  (50  mM  Tris  and  150  mM  NaCl,  pH,  7.4)  containing  1.5%  (v/v)  Triton 
X-l  14  as  described  previously  (Li,  et  al,  1998).  Aliquots  (20  pi)  of  cell  lysate  and  media 
containing  equal  volumes  (20  pi)  from  each  treatment  treated  with  SDS-sample  buffer  were 
then  loaded  onto  an  SDS  polyacrylamide  gel.  Samples  were  electrophoresed  and  then 
electroblotted  onto  a  nitrocellulose  membrane.  Immunoreactive  MMP-26  bands  were 
visualized  using  a  horseradish  proxidase  (HRP)  or  alkaline  phosphatase  (AP)-  conjugated 
secondary  antibody  (Jackson  ImmunoResearch,  West  Grove,  Pennsylvania).  Western  blot 
analysis  for  MMP-9  was  performed  with  a  1  pg/ml  dilution  of  polyclonal  anti-MMP-9 
antibody  (Oncogene  Science,  Cambridge,  MA).  MMP-9  bands  were  visualized  using  an  AP- 
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conjugated  secondary  antibody  (Jackson  ImmunoResearch,  West  Grove,  Pennsylvania) 
followed  by  the  addition  of  5-bromo-4-chloro-3-indoyl  phosphate  (BCIP)  and  nitro  blue 
tetrazolium  (NBT).  The  blot  membranes  were  then  scanned,  and  the  signal  intensities  were 
measured  by  integrated  morphometry  analysis  (IMA)  (Metamorph  System,  version  4.6r8, 
Universal  Imaging  Corporation,  Inc.,  West  Chester,  PA).  The  signal  intensities  obtained  were 
expressed  as  integrated  optical  density  (IOD,  the  sum  of  the  optical  densities  of  all  pixels  that 
make  up  the  object).  All  the  bands  used  the  same  exclusive  threshold  for  analysis. 

Immunocytochemistry  and  Immunohistochemistry — Cells  were  fixed  in  50%  methanol/50% 
acetone  for  15  min  and  permeated  with  1%  Triton  X-100  in  TBS  for  15  min.  Formalin-fixed 
paraffin-embedded  human  prostate  cancer  tissues  were  sectioned  to  4  pm  thickness  and  fixed 
on  slides.  The  sections  were  dewaxed  with  xylene  and  rehydrated  in  100%  and  95%  ethanol. 
Nonspecific  antibody  binding  in  cells  and  sections  was  blocked  with  blocking  buffer  (0.2% 
Triton  X-100,  5%  normal  goat  serum  and  3%  BSA  in  TBS)  for  1  hour  at  room  temperature 
prior  to  overnight  incubation  with  affinity-purified  specific  rabbit  anti-human  MMP-26 
antibody  in  the  same  buffer  (5  pg/ml  for  immunocytochemistry  and  10  pg/ml  for 
inmmunohistochemistry)  or  goat  anti-human  MMP-9  antibody  (25  pg/ml  for 
inmmunohistrochemistry,  R&D  systems,  Minneapolis,  MN)  at  4°C.  Cells  and  sections  were 
incubated  with  AP-conjugated  secondary  antibody  (Jackson  ImmunoResearch,  West  Grove, 
PA)  diluted  (1 :5000)  in  the  blocking  buffer  for  4  hours  at  room  temperature.  The  signals  were 
detected  by  adding  Fast-Red  (Sigma,  St.  Louis,  Missouri).  Purified  pre-immune  IgGs  from 
the  same  animal  were  used  as  negative  controls  for  MMP-26.  Normal  goat  serum  was  used 
as  a  negative  control  for  MMP-9.  The  sections  were  counterstained  lightly  with  hematoxylin 
for  viewing  negatively  stained  cells. 

Preparation  of  MMP-26  Constructs — Full-length  cDNA  of  MMP-26  was  amplified  by  PCR 
according  to  published  sequences  (6)  and  cloned  into  modified  mammalian  expression  vector 
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pCR®3.1-Uni  with  a  FLAG  tag  at  its  C-terminal  as  described  (22).  Following  confirmation 
of  cDNA  sequencing,  plasmids  containing  correct  inserts  were  used  as  sense  vectors  and 
plasmids  with  reversely  inserted  cDNA  were  used  as  antisense  vectors  (22). 

Transfections  of  ARCaP  Cells  and  Isolation  of  MMP-26  Sense  and  Antisense  Construct 
Stably-Transfected  Clones — ARCaP  cells  were  transfected  with  sense  and  antisense  MMP- 
26-cDNA-containing  vectors  using  LipofectAMINE2000  (Life  Technologies,  Carlsbad, 
California)  as  described  earlier  (22,  23).  Sense  and  antisense-transfected  cell  lines  were 
treated  identically  with  regard  to  transfection  conditions  and  maintenance  in  the  selection 
medium.  Stable  transfectants  were  selected  by  growing  the  cells  in  400  pg/ml  Geneticin 
(G418;  Life  Technologies,  Inc.).  Cells  that  survived  were  then  expandedin  the  absence  of 
G418  for  additional  studies.  Stable  transfectants  were  screened  on  the  basis  of  Flag  and 
MMP-26  expression.  Clones  with  MMP-26  sense  and  antisense  integrated  constructs  were 
selected  and  analyzed  for  MMP-26  expression,  invasive  capabilities  in  modified  Boyden 
chamber  invasion  assays,  and  co-localization  with  MMP-9.  Parental  ARCaP  cells  served  as 
controls. 

Cell  Invasion  Assay — The  invasiveness  of  ARCaP  cells  cultured  in  the  presence  of  MMP-26 
or  MMP-9  functional  blocking  antibodies,  parental  ARCaP  cells,  sense  MMP-26-  and 
antisense  MMP-26-transfected  cells  through  reconstructed  ECM  was  determined  as  per  our 
previous  report  (24).  The  final  concentration  of  MMP-26  antibody  was  10  pg/ml  and  50 
pg/ml.  The  pre-immune  IgG  from  the  same  animal  was  used  as  control  for  MMP-26 
antibody,  and  the  final  concentration  was  50  pg/ml.  The  mouse  anti-human  MMP-9 
monoclonal  antibody  (mAb)  is  Ab-1,  Clone  6-6B,  which  is  a  functional  neutralizing  antibody 
that  inhibits  the  enzymatic  activity  of  MMP-9  (25)  (Oncogene  Research  Products, 
CalBiochem,  La  Jolla,  CA).  The  final  concentrations  of  MMP-9  mAb  were  10  pg/ml  and  25 
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(xg/ml.  The  pre-immune  mouse  IgG  (Alpha  Diagnostic  Inti.  Inc,  San  Antonio,  TX)  was  used 
as  control,  and  the  concentration  was  25  pg/ml.  Briefly,  modified  Boyden  chambers 
containing  polycarbonate  filters  with  8-pm  pores  (Becton  Dickinson,  Boston,  MA)  were 
coated  with  0.5  mg/ml  human  plasma  FN  (Gibco,  Carlsbad,  California)  or  0.5mg/ml  type  IV 
collagen  (Sigma).  Three  hundred  pi  of  prepared  cell  suspension  (1  x  106  cells/ml)  in  serum- 
free  medium  was  added  to  each  insert,  and  500  pi  of  media  containing  10%  fetal  bovine 
serum  was  added  to  the  lower  chamber.  After  60  hours  of  incubation,  invasive  cells  that  had 
passed  through  the  filters  to  the  lower  surface  of  the  membrane  were  fixed  in  4% 
paraformaldehyde  (PFA)  (Sigma,  St.  Louis,  Missouri).  The  cells  were  then  stained  with  0.1% 
Crystal  Violet  solution  and  photographed  with  an  Olympus  DP  10  digital  camera  (Melville, 
NY)  under  a  Nikon  FX  microscope  (Melville,  NY).  The  cells  were  then  counted  by  IMA. 

For  statistical  analyses,  the  number  of  the  invasive  cells  treated  with  pre-immune  IgG  was 
assumed  to  reflect  100%  cell  invasion.  The  ratio  of  the  number  of  the  invaded  cells  that 
treated  with  antibody  or  the  MMP-26  gene-transfected  cells  to  pre-immune  IgG  or  parental 
cells,  respectively,  was  used  for  subsequent  comparative  analyses  by  Analysis  of  Variance 
(ANOVA).  Media  from  each  insert  was  collected  for  Western  blot  and  gelatin  zymogram 
analyses. 

Immunofluorescence  and  Confocal  Laser  Scanning  Microscopy — Cells  were  cultured  on  8- 
well  slides  for  24  hours,  then  fixed  in  fresh  4%  PFA  for  15  min  at  room  temperature  and 
permeabilized  with  0.2%  Triton  X-100  in  10%  normal  goat  serum  in  PBS.  The  fixed, 
permeabilized  cells  were  stained  for  1  h  at  room  temperature  with  anti-human  MMP-26 
(25ug/ml)  or  a  goat  anti-human  antibody  targeting  MMP-9  (R&D  Systems,  Minneapolis, 
Minnesota)  (1:200  dilution).  Secondary  Rhodamine  Red-X-conjugated  mouse  anti-rabbit  IgG 
for  MMP-26  or  Fluorescein  (FITC)-conjugated  donkey  anti-goat  IgG  (Jackson 
ImmunoResearch,  West  Grove,  Pennsylvania)  for  MMP-9  were  subsequently  applied  at  a 
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1:200  dilution  for  1  h  at  room  temperature.  Slow  Fade  mounting  medium  was  added  to  the 
slides,  and  fluorescence  was  analyzed  using  a  Zeiss  LSM510  Laser  Scanning  Confocal 
Microscope  (Carl  Zeiss,  Germany)  equipped  with  a  multi-photon  laser  according  to  our 
previous  report  (23).  Images  were  processed  for  reproduction  using  Photoshop  software 
version  6.0  (Adobe  Systems,  Mountainview,  CA).  Purified  pre-immune  IgGs  from  the  same 
animal  were  used  as  negative  controls  for  MMP-26,  and  normal  goat  serum  was  used  as  a 
negative  control  for  MMP-9. 

Densitometric  and  Statistical  Analysis:  Samples  were  simultaneously  stained  with  antibody 
and  pre-immune  IgG  on  the  same  slide,  and  the  areas  of  MMP-26  immunostaining  were 
quantified  by  IMA.  Four  photographs  were  taken  from  each  sample  with  an  Olympus  DP  10 
digital  camera  under  a  Nikon  FX  microscope.  An  appropriate  color  threshold  was 
determined  (Color  Model:  HSI,  Hue:  230-255,  Saturation  &  Intensity:  Full  spectrum),  the 
glandular  epithelia  from  each  image  was  isolated  into  closed  regions,  and  all  areas  of  staining 
in  compliance  with  these  specific  parameters  were  measured  by  IMA.  The  total  area  of  these 
closed  regions  was  determined  by  region  measurement,  and  the  ratio  of  signal  area  to  total 
area  was  then  determined.  The  average  of  the  four  ratios  obtained  from  each  sample  was 
then  used  for  subsequent  analysis.  The  same  color  threshold  was  maintained  for  all  samples. 
The  pre-immune-staining  ratio  was  subtracted  from  the  antibody-staining  ratio,  and  this  value 
was  then  divided  by  the  pre-immune-staining  ratio  to  yield  the  reduced  signal  to  background 
ratios  used  for  subsequent  comparative  analyses  by  ANOVA.  Statistical  analysis  of  all 
samples  was  performed  with  the  least  significant  difference  (LSD)  correction  of  ANOVA  for 
multiple  comparisons.  Data  represent  the  mean  ±  standard  deviation  (SD)  from  three 
experiments  where  differences  with  P<0.05  were  considered  to  be  significant. 


12 


RESULTS 


Activation  of  Pro-MMP-9  by  MMP-26  and  Cleavage  of  Substrates  by  Activated  MMP-9 — 
Gelatin  zymography  was  utilized  for  determination  of  MMP-9  activity  levels  following 
cleavage  by  MMP-26.  Zymography  revealed  that  pro-MMP-9  presented  as  225  kDa,  125 
kDa,  and  94  kDa  gelatinolytic  bands  under  non-reducing  conditions  (Fig.  1  A,  lane  1  and  IB 
lanes  1  and  6).  The  225  kDa  band  is  a  homodimer  of  pro-MMP-9,  the  125  kDa  band  is  a 
heterodimer  of  pro-MMP-9  and  neutrophil  gelatinase-associated  lipocalin  (NGAL),  and  the 
94  kDa  band  is  a  monomer  of  pro-MMP-9  (17, 26,  27).  New  215  kDa,  115  kDa,  and  86  kDa 
bands  were  generated  after  incubation  with  MMP-26  (Fig.lA  and  IB),  and  their  activities 
were  increased  in  a  dose  and  time-dependent  manner  (Fig.  1A  and  IB).  Compared  to  MMP- 
7,  the  cleavage  products  generated  by  MMP-26  at  the  concentration  tested  appear  more  stable 
(Fig.  1A  and  IB).  However,  pro-MMP-2  was  not  activated  after  incubation  with  identical 
concentrations  of  MMP-26  (data  not  shown). 

MMP-26  cleaved  pro-MMP-9  (94  kDa)  to  yield  a  new  86-kDa  band  on  a  silver 
stained  gel  under  reducing  conditions  (Fig.  1C  lane  4).  N-terminal  sequencing  showed  that 
the  86  kDa  protein  had  the  sequence  of  MRTPRXG,  which  is  the  same  N-terminus  as 
reported  during  activation  of  pro-MMP-9  by  HgCh  (28),  human  fibroblast-type  collagenase 
(HFC,  MMP-1)  (17),  phenylmercuric  acid  (PMC)  (29),  and  aminophenylmercuric  acid 
(APMA)  (30).  For  further  confirmation  of  MMP-9  activity,  digestive  assays  were  performed 
utilizing  fibronectin  (FN)  as  a  substrate.  MMP-26  alone  demonstrated  weak  cleavage  of  FN 
(Fig.  1C,  lane  6),  while  pro-MMP-9  exhibited  no  cleavage  of  FN  (Fig.lC,  lane  7).  Once 
activated  by  MMP-26,  MMP-9  cleaved  FN  very  effectively,  generating  at  least  6  new  bands 
(Fig.lC,  lane  8). 
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Expression  of  MMP-26  in  Human  Prostate  Gland  and  ARCaP  Cells  — 
Immunohistochemistry  staining  revealed  that  the  intensity  of  MMP-26  staining  was  the 
highest  in  human  prostate  carcinoma  (15  patient  cases,  Gleason  grades  5-7),  was  low  in 
prostatitis  (9  cases),  and  was  very  low  in  benign  prostate  hyperplasia  (BPH)  (12  cases)  and 
normal  prostate  gland  tissues  (7  cases)  (Fig.2A).  Densitometric  and  statistical  analysis  (Fig. 
2B)  showed  that  the  intensities  of  the  immuno-staining  signals  were  significantly  different 
between  normal  prostate  gland  and  prostate  cancer  samples  (p=0.0007),  between  BPH  and 
prostate  cancer  (p=0.0025),  and  also  between  prostatitis  and  prostate  cancer  (p=0.0043). 
However,  there  were  no  significant  differences  between  normal  and  BPH  (p>0.05),  normal 
and  prostatitis  (p>0.05),  or  BPH  and  prostatitis  tissues  (P>0.05)  (Fig.  2B). 

For  selection  of  a  prostate  cancer  cell  line  that  expressed  MMP-26  for  use  as  a 
working  model,  RT-PCR  and  Western  blot  analyses  were  used  to  detect  MMP-26  expression 
in  four  human  prostate  cancer  cell  lines.  MMP-26  mRNA  was  identified  in  the  ARCaP, 
DU145  and  LNCaP  cell  lines,  but  not  in  the  PC-3  cell  line  (Fig.  3A).  While  the  20  kDa  form 
of  MMP-26  was  detected  in  the  ARCaP  detergent  phase,  a  doublet  between  30  kDa  and  40 
kDa  of  pro-MMP-26  was  located  in  the  ARCaP  aqueous  phase  (Fig.3B).  This  doublet  might 
be  two  N-glycosylated  forms  of  pro-MMP-26  predicted  according  to  the  ScanProsite 
program,  with  two  possible  N-glycosylation  sites  at  N64GTD67  and  N221QSS224.  MMP-26 
may  have  N-linked  sugars  according  to  the  results  obtained  from  N-glycosidase  F  (PNGase 
F,  Boehringer  Mannheim,  Germany)  digestion  experiments  (data  not  shown).  MMP-26 
protein  was  not  detected  in  the  DU145,  LNCaP  or  PC-3  cell  lines  (Fig.3B),  or  in  the  ARCaP 
media  under  these  experimental  conditions  (data  not  shown).  Immunocytochemistry  data 
confirmed  that  MMP-26  was  localized  inside  the  ARCaP  cells  (Fig.  3C)  in  a  polarized 
manner. 
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Inhibitory  Effects  of  Anti-MMP-26  and  Anti-MMP-9  Antibodies  on  the  Invasiveness  of 
ARCaP  Cells— To  determine  the  role  of  MMP-26  and  MMP-9  in  ARCaP  cell  invasiveness, 
antibodies  targeting  the  metalloproteinase  domain  of  MMP-26  and  targeting  MMP-9  were 
utilized  during  in  vitro  cell  invasion  assays.  We  found  significant  (P<0.01)  reduction  in  the 
invasive  potential  of  ARCaP  cells  through  FN  at  concentrations  of  10  pg/ml  (62.4%)  and  50 
pg/ml  (46.0%)  for  the  MMP-26  antibody  (Fig.4A),  and  at  concentrations  of  10  ug/'ml 
(55.9%)  and  25  pg/ml  (53.1%)  for  the  MMP-9  antibody  (Fig.  4B),  when  compared  to  the  pre- 
immune  IgGs.  We  also  found  significantly  (p<0.01)  reduced  invasive  potential  in  the 
movement  of  ARCaP  cells  through  type  IV  collagen  at  concentrations  of  10  pg/ml  (29.3%) 
and  50  pg/ml  (18.8%)  for  the  MMP-26  antibody  (Fig.4A),  and  at  concentrations  of  10  pg/ml 
(52.2%)  and  25  pg/ml  (28.0%)  for  the  MMP-9  antibody  (Fig.4B),  when  compared  to  the  pre- 
immune  IgG.  Antibody  targeting  the  pro-domain  of  MMP-26  also  significantly  decreased  the 
invasive  potential  of  ARCaP  cells  through  FN  and  type  IV  collagen  (data  not  shown).  These 
results  show  that  both  anti-MMP-26  and  anti-MMP-9  antibodies  significantly  inhibit  ARCaP 
cell  invasion  through  FN  and  type  IV  collagen. 

MMP-26  Protein  Expression  in  Stable  Transfectants  by  Immunocytochemistry  and  Western 
Blotting  —  To  further  confirm  the  role  of  MMP-26  in  ARCaP  cell  invasion,  we  transfected 
pCR  3.1  vectors  containing  full-length  MMP-26  cDNA  in  both  sense  and  antisense 
orientations  into  ARCaP  cells.  Immunocytochemistry  and  Western  blotting  were  performed 
to  determine  MMP-26  protein  expression  levels  in  the  parental  cells  in  addition  to  the  sense 
and  antisense  MMP-26  construct-transfected  cells.  Immunocytochemistry  showed  very  strong 
MMP-26  staining  in  both  the  parental  ARCaP  and  sense  MMP-26  construct-transfected  cells, 
while  the  antisense  MMP-26  construct-transfected  cells  exhibited  only  minimal  staining  for 
MMP-26  (Fig.  5A).  Western  blotting  revealed  strong  MMP-26  bands  in  the  parental  ARCaP 
and  sense  MMP-26  construct-transfected  cells,  while  only  a  very  faint  band  was  detected  in 


15 


the  antisense  MMP-26  construct-transfected  cells.  No  MMP-26  was  detected  in  the  cell 
culture  media  (Fig.  5B). 

Reduction  of  Invasiveness  of  MMP-26  Antisense  Stable  Transfectants — Both  the  parental 
ARCaP  and  sense  MMP-26  construct-transfected  cell  lines  invaded  through  either  FN  or  type 
IV  collagen  in  vitro  during  cell  invasion  assays  (Fig.6A),  but  without  a  marked  difference 
(P>0.05)  in  their  invasive  potentials  (Fig.6B).  Antisense  MMP-26  construct-transfected  cells 
showed  a  significant  (P<  0.01)  decrease  in  invasive  potential  through  the  same  materials 
(44.0%  and  23.5%,  respectively)  when  compared  with  parental  ARCaP  cells  (Fig.6A  and 
6B).  A  significant  (P<  0.01)  difference  between  the  sense  and  antisense  MMP-26  construct- 
transfected  cells  was  also  noted  (Fig.6A  and  6B). 

Reduced  Levels  of  ActiveMMP-9  in  MMP-26  Antisense  Stably  Transfected  Cells — To 
determine  the  role  of  MMP-26-mediated  MMP-9  activation  in  ARCaP  cell  invasion,  the  level 
of  MMP-9  in  conditioned  media  samples  collected  from  the  Boyden  chambers  during  in  vitro 
cell  invasion  assays  was  detected.  Western  blotting  revealed  a  strong  86  kDa  band  of  active 
MMP-9  in  the  conditioned  media  from  parental  ARCaP  and  sense  MMP-26  construct- 
transfected  cells.  A  similar  band,  but  of  weaker  intensity,  was  detected  in  the  conditioned 
media  collected  from  the  antisense  MMP-26  construct-transfected  cells  (Fig.  7 A).  Semi- 
quantitative  analysis  revealed  that  the  active  form  of  MMP-9  was  significantly  decreased 
(p<0.01)  in  both  the  FN  and  Type  IV  collagen  invasive  assay  media  from  the  antisense 
MMP-26  construct-transfected  cells  (Fig.  7B). 

Co-localization  of  MMP-26  with  MMP-9  in  Parental  and  MMP-26  Sense  Gene  Stably 
Transfected  ARCaP  Cells,  and  Co-expression  of  MMP-26  and  MMP-9  in  Human  Prostate 
Carcinoma  Tissue  Samples — Double  immunofluorescence  experiments  were  performed  in 
parental  ARCaP  and  MMP-26  stably  transfected  cells  with  human  MMP-26  sense  or 
antisense  genes.  The  red  color  indicates  MMP-26  and  the  green  color  indicates  MMP-9 
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protein  staining.  Merged  images  show  a  color  shift  to  orange-yellow,  indicating  co¬ 
localization  between  MMP-26  and  MMP-9.  Confocal  laser  scanning  microscopic  analysis 
revealed  co-localization  of  both  proteins  in  the  cytoplasm  of  parental  ARCaP  (Fig.  8  A:  a-d) 
and  sense-transfected  cells  (Fig.  8A:  e-h),  but  not  in  the  antisense-transfected  cells  (Fig.8A:  i- 
1).  Very  weak  signals  were  detected  in  parental  ARCaP  control  cells  using  purified  pre- 
immune  IgG  for  the  detection  of  MMP-26  and  non-immune  goat  sera  for  the  detection  of 
MMP-9  (Fig.  8A:  m-p).  MMP-26  and  MMP-9  proteins  were  also  found  to  be  co-expressed 
in  human  prostate  carcinoma  tissue  samples  (Fig.8B). 


DISCUSSION 

MMP-26  is  able  to  activate  MMP-9  by  cleavage  at  the  Ala93 -Met94  site  of  the  prepro- 
MMP-9,  which  is  the  same  cleavage  site  detected  previously  during  activation  with  HgCU 
(28),  HFC  (17),  PMC  (29),  and  APMA  (30).  This  activation  was  confirmed  by  the  effective 
cleavage  of  FN  using  MMP-9  activated  by  MMP-26.  These  results  indicate  that  the  zymogen 
form  of  MMP-9  can  be  transiently  activated  without  the  proteolytic  loss  of  the  cysteine 
(Cys")-switch  residue,  even  though  these  findings  may  appear  to  be  in  conflict  with  the 
original  Cys-switch  hypothesis  (31).  The  86  kDa  form  of  MMP-9  may  also  be  further 
activated  to  produce  lower  molecular  mass  active  species  similar  to  the  process  activated  by 
other  MMPs  (17).  Among  all  the  MMPs,  matrilysin  (MMP-7)  and  MMP-26  share  domain 
structure  with  pro-  and  metalloproteinase  domains  only  and  are  both  expressed  in  epithelial 
cells  (6-9).  Therefore,  MMP-26  is  also  named  as  matrilysin-2  (8).  Both  MMP-26  and  MMP-7 
could  activate  MMP-9  but  their  cleavage  sites  in  pro-MMP-9  are  different.  Matrilysin 
cleaved  MMP-9  at  two  sites,  Glu59-Met60  and  ArgI06-Phe107  of  the  prepro-MMP-9  (17).  Our 
current  results  also  demonstrated  that  the  MMP-9  activation  mediated  by  MMP-26  is  much 
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slower  than  that  mediated  by  MMP-7,  but  the  activation  products  are  much  more  stable  when 
compared  to  the  products  of  activation  by  MMP-7.  This  indicates  that  activation  of  MMP-9 
by  MMP-26  is  prolonged  but  persistent,  which  is  consistent  with  the  process  of  tumor  cell 
invasion.  MMP-26  did  not  cleave  pro-MMP-2,  another  gelatinase,  indicating  that  pro-MMP- 
9  activation  by  MMP-26  is  highly  selective.  MMP-9  is  a  powerful  enzyme,  and  is  considered 
to  be  an  important  contributor  to  the  processes  of  invasion,  metastasis  and  angiogenesis  in 
various  tumors  (11-14,  32-36). 

This  work  has  tested  the  hypothesis  that  MMP-26  may  enhance  human  prostate 
cancer  cell  invasion  via  the  activation  of  pro-MMP-9  using  an  ARCaP  cell  line  as  a  working 
model.  The  ARCaP  cell  line  is  a  highly  invasive  and  metastatic  human  prostate  cancer  cell 
line  that  expresses  both  MMP-9  (15)  and  MMP-26.  We  found  that  MMP-26  mRNA  was 
detected  in  the  ARCaP  cell  line  and  two  other  human  prostate  carcinoma  cell  lines,  DU  145 
and  LNCaP,  but  the  MMP-26  protein  was  only  detected  in  ARCaP  cells.  More  importantly, 
high  levels  of  MMP-26  protein  were  also  detected  in  human  prostate  carcinoma  cells  by 
immunohistochemistry,  but  only  low  expression  was  seen  in  prostatitis,  benign  prostate 
hyperplasia  and  normal  prostate  tissues.  This  is  in  agreement  with  reports  of  MMP-26  gene 
expression  in  epithelial  cancers  (6-9).  We  have  previously  reported  that  the  levels  of  MMP- 
26  gene  and  protein  expression  are  increased  in  a  malignant  choriocarcinoma  cell  line  (JEG- 
3)  to  levels  that  are  well  in  excess  of  that  found  in  normal  human  cytotrophoblast  cells  (10). 
The  majority  of  MMP-26  protein  detected  was  in  the  detergent  phase  of  the  ARCaP  cell 
lysates,  not  in  the  conditioned  media,  and  only  low  levels  were  observed  in  the  aqueous 
phase.  This  is  in  accordance  with  recent  studies  demonstrating  that  MMP-26-transfected 
COS-7  and  HEK293  cells  secrete  the  protein  poorly  (7-9).  As  MMP-26  was  found  in  the 
detergent  phase  of  the  ARCaP  cell  lysates,  it  is  possible  that  MMP-26  may  be  associated  with 
cell  membrane  components  via  an  unidentified  mechanism.  Membrane-associated  MMP-26 
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may  participate  directly  in  degradation  of  the  ECM,  activating  pro-enzymes,  and  releasing 
growth  factors,  partially  accounting  for  the  inhibition  of  ARCaP  cell  invasion  by  the  MMP- 
26  antibody  tested.  These  reports  converge  to  suggest  that  MMP-26  may  play  an  important 
role  in  human  carcinoma  invasion  and  tumor  progression. 

MMP-26  exhibits  wide  substrate  specificity,  and  is  capable  of  degrading  many 
components  of  the  basement  membrane  and  other  ECM  components  (6-9,  37).  Although 
MMP-26  can  cleave  type  IV  collagen,  fibronectin  and  other  proteins,  it  is  a  catalytically  less 
powerful  enzyme  than  gelatinase  B/MMP-9.  The  inhibition  of  ARCaP  cell  invasion  by 
MMP -26-specific  antibodies  suggests  that  MMP-26  may  contribute  to  ARCaP  cell  invasion 
by  cleaving  ECM  components  directly  and/or  by  activating  pro-MMP-9  to  cleave  the  ECM. 
Our  FN  cleavage  assays  with  MMP-26  alone  and  MMP-26-activated  MMP-9  show  that  once 
activated  by  MMP-26,  MMP-9  cleaves  FN  more  efficiently.  This  indicates  that  the  activation 
of  MMP-9  may  be  a  major  pathway  for  MMP-26  promotion  of  ARCaP  cell  invasion.  Indeed, 
this  hypothesis  was  further  verified  by  ARCaP  cell  invasion  inhibition  in  the  presence  of 
MMP-9  functional  blocking  antibodies.  When  the  proteolytic  activity  of  MMP-26  is 
combined  with  that  of  activated  MMP-9,  which  digests  ECM  and  basement  membrane 
proteins  in  an  even  more  aggressive  fashion  than  MMP-26  alone,  this  hints  at  an 
amplification  mechanism  by  which  MMP-26  might  contribute  significantly  to  the  processes 
of  tumor  cell  invasion  and  subsequent  metastasis. 

Several  lines  of  evidence  have  demonstrated  that  biochemical  activation  of  pro-MMP- 
9  by  MMP-26  may  be  a  physiologically  and  pathologically  relevant  event.  Our  results 
demonstrated  that  antibodies  directed  against  MMP-26  catalytic  domain  and  prodomain  both 
blocked  the  ARCaP  cell  invasion.  Equally  as  significant,  a  function  blocking  monoclonal 
antibody  that  inhibits  MMP-9  catalytic  activity  (25,  38)  also  prevented  the  invasion  of 
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ARCaP  cells  in  patterns  similar  to  a  MMP-26  antibody.  These  results  verify  our  hypothesis 
that  activation  of  pro-MMP-9  by  MMP-26  promotes  invasion  of  human  prostate  cancer  cells. 

Recently,  our  group  has  also  determined  that  MMP-26  auto-digested  itself  during  the 
folding  process.  Two  of  the  major  autolytic  sites  were  Leu49-Thr50  and  Ala75 -Leu76,  which  left 
the  “cysteine  switch”  sequence  (PHC82GVPD)  intact  (37),  and  suggests  that  Cys82  may  not 
play  a  role  in  the  latency  of  the  zymogen  form.  Another  group  has  demonstrated  that 
autolytic  activation  of  MMP-26  occurred  at  LLQ59|Q60FH,  which  is  upstream  from  the 
cysteine  residue  known  to  be  responsible  for  the  latency  of  many  other  MMPs  (39). 
Interestingly,  our  pro-domain  antigen  peptide  mimics  the  T50to  D67  region  of  MMP-26,  and 
the  resultant  antibody  complex  shields  the  auto-cleavage  sites  (data  not  shown).  This 
fortunate  circumstance  may  account  for  the  decreased  invasiveness  of  ARCaP  cells  treated 
with  our  antibody  targeting  the  pro-domain,  while  also  suggesting  that  the  catalytic  activity 
of  MMP-26  may  not  require  the  highly  conserved  “cysteine-switch”  activation  mechanism. 

To  further  confirm  the  role  of  MMP-26  during  ARCaP  cell  invasion,  we  generated 
stably-transfected  ARCaP  cells  with  vectors  containing  full-length  MMP-26  cDNA  in  both 
the  sense  and  antisense  orientations.  Our  results  show  that  transfection  of  the  ARCaP  cells 
with  antisense  MMP-26  constructs  leads  to  decreased  levels  of  MMP-26  protein  expression 
when  compared  to  parental  and  sense  controls,  suggesting  that  this  antisense  construct  is 
responsible  for  the  observed  decrease  in  MMP-26  protein  expression,  resulting  in  profound 
biological  consequences.  In  cell  invasion  assays,  antisense-transfected  cells  show  a  marked 
reduction  in  invasiveness  over  those  of  parental  ARCaP  and  MMP-26  sense  gene  transfected 
ARCaP  cells,  suggesting  that  the  modulation  of  MMP-26  in  ARCaP  cells  altered  the  invasive 
potential  of  these  cells  in  our  experimental  model  system,  lending  support  to  the  hypothesis 
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that  MMP-26  activity  may  play  a  crucial  role  in  facilitating  the  invasion  of  ARCaP  cells 
through  the  ECM. 

Western  blotting  of  conditioned  media  collected  from  the  upper  compartments  of  the 
Boyden  chambers  during  invasion  assays  reveals  that  the  86  kDa  active  form  of  MMP-9  is 
present  in  parental  ARCaP  and  sense  MMP-26-transfected  ARCaP  cell  media,  but  very  little 
active  MMP-9  is  present  in  the  antisense  MMP-26-transfected  ARCaP  cell  media.  These 
findings  suggest  that  MMP-26  activated  MMP-9  in  parental  ARCaP  and  sense  MMP-26- 
transfected  ARCaP  cells,  while  very  little  activation  took  place  in  the  antisense  MMP-26- 
transfected  ARCaP  cells.  When  present,  active  MMP-9  accumulates  in  the  cytosol  of  human 
endothelial  cells,  where  it  is  eventually  utilized  by  invading  pseudopodia  (40),  and  it  is 
possible  that  endogenous,  self-activated  MMP-26  acts  as  an  activator  for  intracellular  pro- 
MMP-9.  The  active  form  of  MMP-9  may  then  be  stored  inside  the  cell,  ready  for  rapid 
release  when  it  is  required  to  facilitate  the  invasion  of  ARCaP  cells. 

Consistent  with  the  above  data,  double  immunofluorescence  labeling  and  confocal 
laser  scanning  microscopy  reveal  that  MMP-26  and  MMP-9  were  co-localized  in  parental 
ARCaP  and  sense  MMP-26-transfected  ARCaP  cells,  affording  them  ample  opportunity  to 
interact.  Co-localization  was  not  observed  in  antisense  MMP-26-transfected  ARCaP  cells,  as 
MMP-26  was  not  expressed  in  these  cells.  Immunohistochemistry  revealed  a  similar 
relationship  in  human  prostate  tissue  samples,  demonstrating  that  MMP-26  and  MMP-9  were 
also  co-expressed  in  prostate  carcinomas.  Recently,  Nemeth  et  al  have  reported  that  both 
MMP-9  mRNA  and  protein  were  expressed  in  biopsy  specimens  from  patients  with 
documented,  bone-metastatic  prostate  cancer  (36).  Thus,  the  biochemical  activation 
mechanism  of  pro-MMP-9  that  we  observed  in  vitro  might  well  be  applicable  to  prostate 
cancer  in  vivo. 
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While  direct  degradation  of  the  ECM  by  MMP-26  may  contribute  to  the  processes  of 
cell  invasion  and  tumor  metastasis,  as  the  consequential  relationship  between  MMP-26  and 
MMP-9  begins  to  emerge,  we  find  evidence  of  coordination  and  a  proteolytic  cascade 
(activation  of  MMP-9)  that  may  be  a  major  pathway  to  promote  the  invasion  of  human 
prostate  carcinoma.  The  specific  expression  of  MMP-26  and  its  potential  role  in  the  invasion 
of  cancer  cells  suggest  that  MMP-26  may  be  a  new  marker  for  certain  types  of  prostate 
carcinomas,  and  perhaps  a  new  therapeutic  molecular  target  for  prostate  cancer. 
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FIGURE  LEGENDS 


Figure  1.  Activation  of  pro-MMP-9  by  MMP-26.  A  and  B)  Gelatin  zymogram  of  MMP-9 
activity  before  and  after  activation  of  pro-MMP-9  by  MMP-26  under  non-reducing 
conditions.  The  225  kDa  band  is  a  homodimer  of  pro-MMP-9,  the  125  kDa  band  is  a 
heterodimer  of  pro-MMP-9  and  neutrophil  gelatinase-associated  lipocalin  (NGAL),  and  the 
94  kDa  band  is  a  monomer  of  pro-MMP-9  (17,  26,  27).  The  activation  reactions  were 
incubated  at  37°C.  A)  Dosage-dependent  analysis  of  pro-MMP-9  activation  by  MMP-26 
(lanes  1-4)  and  by  MMP-7  (lanes  6-8).  The  activation  reaction  was  incubated  37°C  for  24 
hours.  The  gelatin  zymogram  reaction  was  incubated  at  37°C  for  3  hours.  The  86  kDa  band 
was  sequenced  and  the  sequence  is  MRTPRXG,  which  is  a  product  cleaved  at  the  Ala93- 
Met94  site.  B)  Time-dependent  analysis  of  pro-MMP-9  activation  by  MMP-26  (lanes  1-5) 
and  by  MMP-7  (lanes  6-10).  The  gelatin  zymogram  reaction  was  incubated  at  37°C  for  3 
hours.  The  ratio  labeled  in  A  and  B  is  the  molar  concentration  ratio.  C)  Pro-MMP-9  activated 
by  MMP-26  and  cleavage  of  fibronectin  (FN)  by  MMP-26  and  MMP-9  as  detected  by  a 
silver-stained  gel  under  reducing  conditions.  The  molar  concentration  ratio  for  pro-MMP- 
9:MMP-26  is  4: 1  and  the  reaction  was  incubated  at  37°C  for  24  hours.  The  molecular  mass 
standards  are  labeled  on  the  left  and  the  estimated  molecular  masses  of  the  FN  cleavage 
products  are  labeled  on  the  right. 

Figure  2.  Comparison  of  MMP-26  expression  in  human  normal  and  pathological 
prostate  tissues.  A)  Immunohistochemistry  and  localization  of  MMP-26  in  human  prostate 
carcinoma  (15  patient  cases),  prostatitis  (9  cases),  benign  prostate  hyperplasia  (12  cases)  and 
normal  prostate  gland  tissues  (7  cases).  Cells  stained  red  indicate  MMP-26  expression. 
Photographs  were  taken  under  a  microscope  with  400  times  magnification.  B)  Densitometric 
analysis  of  MMP-26  expression  in  human  prostate  tissues.  The  quantification  analysis  was 
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described  in  "Materials  and  Methods".  Four  pictures  were  taken  from  each  sample  with  200 
times  magnification.  The  epithelial  regions  were  selected  and  the  staining  area  and  total 
selected  area  were  obtained  by  IMA  and  analyzed  by  one-way  ANOVA  with  LSD  correction. 
Data  shown  are  the  mean  ±  SD  values  from  the  different  prostate  tissues.  *:  P  <  0.01.  BPH: 
benign  prostate  hyperplasia,  Normal:  normal  prostate  tissue,  Carcinoma:  prostate 
adenocarcinoma. 

Figure  3.  MMP-26  mRNA  and  protein  expression  in  ARCaP  cells.  A)  RT-PCR  analysis 
of  MMP-26  mRNA  in  ARCaP,  DU  145,  LNCaP  and  PC-3  cell  lines.  MMP-26  plasmid  is  used 
as  control  (top  panel,  lane  1).  The  mRNA  levels  of  a  glycolysis  pathway  enzyme, 
glyceraldehyde-3 -phosphate  dehydrogenase  (GAPDH),  are  shown  in  the  bottom  panel  as  a 
positive  control  to  normalize  cellular  mRNA  concentration.  B)  Western  blot  analysis  of 
MMP-26  protein  in  ARCaP,  DU  145,  LNCaP  and  PC-3  cell  lines.  The  last  lane  is 
recombinant  pro-MMP-26  as  a  control.  C)  Immunocytochemistry  localization  of  MMP-26  in 
ARCaP  cells.  Left  panel:  the  primary  antibody  is  rabbit  anti-MMP-26  antibody;  right  panel: 
the  primary  antibody  is  pre-immune  IgG  from  the  same  rabbit.  Red  staining  indicates  MMP- 
26  expression.  Scale  bars  =  12  pm.  Arrows  show  the  positive  staining  signals.  The  cells  were 
counterstained  with  hematoxylin  for  viewing  of  negatively  stained  cells  (purple). 

Figure  4.  Blocking  of  ARCaP  cell  invasion  through  FN  and  type  IV  collagen  by  MMP- 
26  and  MMP-9  antibodies.  The  invasion  assay  was  performed  with  modified  Boyden 
Chambers.  The  MMP-26  antibody  is  a  rabbit  anti-human  MMP-26  metallo-domain  antibody. 
The  MMP-9  antibody  is  a  mouse  anti-human  MMP-9  monoclonal  antibody.  The  percentage 
of  invading  cells  was  quantified  as  described  in  "Materials  and  Methods".  A)  Comparison  of 
the  invaded  cell  number  in  the  presence  of  MMP-26  antibody/pre-immune  IgG.  Control:  pre- 
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immune  rabbit  IgG  and  the  final  concentration  is  50  pg/ml.  Ten  microgram  IgG  and  50 
microgram  IgG  means  the  final  concentrations  are  10  and  50  (ig/ml,  respectively.  B) 
Comparison  of  the  invaded  cell  number  in  the  presence  of  MMP-9  antibody/pre-immune  IgG. 
Control:  pre-immune  mouse  IgG  and  the  concentration  is  25  pg/ml.  Ten  microgram  IgG  and 
25  microgram  IgG  means  the  concentrations  are  10  and  25  pg/ml,  respectively.  The  invaded 
cell  numbers  of  the  preimmune  IgG  treatment  were  used  as  the  100%  invasiveness.  FN: 
fibronectin,  Type  IV:  type  IV  collagen.  Data  shown  are  the  mean  ±  SD  values  from  four 
separate  experiments  for  each  group.  *:  P  <  0.01;  **:  P<0.001. 

Figure  5.  MMP-26  protein  expression  in  parental  ARCaP,  sense  MMP-26  construct- 
and  antisense  MMP-26  construct-  stably  transfected  cells.  A)  Immunocytochemistry  of 
MMP-26  expression  in  parental  ARCaP,  sense  MMP-26  construct-  and  antisense  MMP-26 
construct-  stably  transfected  cells.  Red  staining  indicates  MMP-26  expression.  Arrows  show 
examples  of  the  positive  staining  signals.  The  cells  were  counterstained  with  hematoxylin  for 
viewing  of  MMP-26  negative  cells  (purple).  B)  Western  blot  analysis  of  MMP-26  protein 
expression.  Parental  ARCaP,  sense  MMP-26  construct-  and  antisense  MMP-26  construct- 
stably  transfected  cells  were  cultured  utilizing  an  equivalent  number  of  cells.  Conditioned 
medium  samples  were  collected  prior  to  cell  lysis. 

Figure  6.  Invasion  of  parental  ARCaP,  sense,  or  antisense  MMP-26  construct-  stably 
transfected  cells  through  FN  and  type  IV  collagen.  A)  Cells  that  invaded  to  the  lower 
surface  of  the  membrane  were  photographed  under  a  microscope  with  40  times 
magnification.  B)  The  percentage  of  invading  cells  in  parental  and  MMP-26  sense  or 
antisense  construct-  stably  transfected  ARCaP  cells.  The  cell  numbers  of  the  invaded 
parental  cells  were  used  as  100%  invasiveness.  The  cells  were  counted  and  analyzed  as 
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described  in  "Materials  and  Methods".  Data  shown  are  the  mean  ±  SD  values  from  three 
separate  experiments  for  each  group.  *:  P  <  0.01;  **:  P  <  0.001. 

Figure  7.  Detection  of  MMP-9  in  the  invasive  assay  media  from  parental  ARCaP,  sense 
MMP-26  construct-  or  antisense  MMP-26  construct-  stably  transfected  cells.  A) 

Western  blot  of  the  invasive  assay  media.  Media  samples  were  collected  from  the  upper 
compartments  of  Boyden  chambers  during  cell  invasion  assays.  B)  Densitometry  scanning 
and  semi-quantitative  analysis  of  the  levels  of  MMP-9  in  the  invasive  assay  media.  Data 
shown  are  the  mean  ±  SD  values  from  four  separate  experiments  for  each  group.  *  :  P< 
0.001. 

Figure  8.  Co-localization  of  MMP-26  and  MMP-9  in  parental  and  sense  MMP-26- 
transfected  ARCaP  cells  and  an  example  of  MMP-26  and  MMP-9  co-expression  in  the 
same  human  prostate  carcinoma  tissues.  A)  Double  immunofluorescence  staining  and 
confocal  laser  scanning  micrographs  of  parental,  sense,  and  antisense  MMP-26-transfected 
ARCaP  cells.  Red  indicates  MMP-26  signals  and  green  indicates  MMP-9  signals.  Yellow 
reveals  the  co-localization  of  MMP-26  and  MMP-9.  Blue  fluorescence  represents  the  nuclei. 
a-d:  parental  ARCaP  cell,  e-h:  sense  MMP-26  construct-transfected  cell.  /-/:  antisense  MMP- 
26  construct-transfected  cell,  m-p:  parental  ARCaP  cell  with  pre-immune  IgG  and  goat  sera 
as  controls.  Scale  bars  =  5  pm.  B)  An  example  of  co-expression  of  MMP-26  and  MMP-9 
proteins  in  the  same  human  prostate  carcinoma  tissues,  a:  strong  positive  MMP-26  protein 
staining  in  epithelial  cells  of  human  prostate  carcinoma  (Gleason  grade  3+3).  b:  positive 
MMP-9  protein  staining  in  epithelial  cells  of  the  same  human  prostate  carcinoma.  Cells 
stained  red  indicate  MMP-26  and  MMP-9  expression.  The  sections  were  counterstained  with 
hematoxylin  for  viewing  negatively  stained  cells.  Photographs  were  taken  under  a 
microscope  with  400  times  magnification. 
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Zhao  et  al.,  Fig.  2 
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Zhao  et  al.,  Fig.  5 
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